by ashe : : s : E os Sih : ; : ee earn irpa eto 
boiteaihe Nisha re - " : : : : : i krALe " S : - saver i ; : . f ited eb, 3 Phe 
oie > ° 3 i Sone Ses a : TO Fhe r c " net 
Leomeren® > : z : ° * : : inbred merepe a 


wed ante Hatem eda 


ites 
Sor penile pon trata 


how: = 
ewe Amel Gene 
nee 


a 
a 
4 
@ 
en 
ole 
eas 
Go 
LS aed 
on 
oS 
indles 


NOT TO BE TAKEN FROM THIS ROOM 


= 1BRIS 


obi ASUCACES 


Ary Ne 
Ta. 


eae ne? ie : 

ay ai bo f ‘Ae ; p jee? ) \ 

ee mania sts agen hk | 
ean Ge bane Dh ie ; 

| Ver ana. e Ae . igh 

: iY, 4 eA i A p Vi yw : bs . 

h “ip MOT al a ; Ny Moray ar ( 3 ( nt 


Py 


bi we,: iis 
tenia hy oa 
+e ey 


Boe 


at 


THE UNIVERSITY OF ALBERTA 


PREDATION AS A FACTOR IN MAINTAINING 
THE PELVIC POLYMORPHISM IN A CENTRAL 
ALBERTA POPULATION OF Culaea inconstans 
(Kirtland), (PISCES : GASTEROSTEIDAE). 


by 


(C) JAMES D. REIST 


RK THESIS 
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES AND RESEARCH 
IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE DEGREE 


OF MASTER OF SCIENCE 


DEPARTMENT OF ZOOLOGY 


EDMONTON, ALBERTA 


PAUL, lee 


ABSTRACT 


Laboratory and field work was conducted to assess the 
importance of fish and invertebrate predation in maintaining a pelvic 


polymorphism in Culaea inconstans. 


Field work in the Redwater River system (Alberta) indi- 
cated a slight geographical and seasonal variation of morph 
frequencies (fluctuation in frequencies of morphs without the pelvis 
and in intermediate forms). A causative agent was not identified. 
No ecological separation with respect to gross habitats was found 


within any site. 


Laboratory behaviour and predation experiments using Esox 
jucius as predators indicated that morphs with the pelvis are at a 
morphological advantage relative to without morphs. Specifically, 
the withs escape more often after capture by small pike but this 
advantage, which is size dependent, disappears if the ratio of 
predator to prey length exceeds four times. Total body depth of 
prey and jaw width of predator are the critical morphological para- 
meters. Both morphs exhibit similar defensive behaviour when 
confronted by a pike; however the withouts had a slight advantage 
in that they avoided such situations better than withs. The 
behavioural response to pike predators is influenced by age of prey 
and probably past experience since considerable individualism in 
behaviour was evident. Stomach coliections of wild pike indicated 
that this behavioural difference contributes to significant selective 


predation upon the with morphs in Wakomao Lake. 
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Laboratory predation by Lethocerus americanus was found to 


be random on each morph. 


Laboratory predation by Aeschna sp. nymphs was heavy upon 


without morphs in the single experiment conducted. 


Laboratory predation and behavioural experiments with 
Dytiscus sp. larvae showed heavy predation upon with morphs due to 


their closer approaches to the predator. 


This evidence is used to support the hypothesis of a 
predation maintained polymorphism in which the pelvic morphs - with 
and without - are at a relative advantage at certain times during 
certain predatory regimes. Thus the frequency of with and without 
morphs observed at any point in time, is a balance between pre- 
viously exerted predatory forces. Additional predators present in 
the field but not investigated, and additional uses of the pelvic 


spines probably also influence the polymorphism frequencies. 
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INTRODUCTION 


Ford (1945) defines polymorphism as the simultaneous 
Occurrence of two or more distinct forms of a species in the same 
population. A further differentiation is made between a transient 
polymorphism that occurs when one form replaces another (such as 
melanism in Biston betularia) and a balanced polymorphism in which 
the distinct forms are maintained at equilibrium frequencies in the 
population (Ford, 1975). The latter case includes numerous situations 
involving Batesian mimicry as well as the well-documented examples of 
the gastropod, Cepaea nemoralis (Ford, 1975). The term morph is used 
in the present context to mean the observed phenotypic classes of 


such populations. 


Gasterosteid fishes are well known for their morphological ly 
variable populations and the brook stickleback, Culaea inconstans 
(Kirtland) is no exception. A cline in pelvic and dorsal spine 
lengths has been demonstrated (Nelson, 1969) and numerous populations 
of Culaea in mid-central Alberta and Saskatchewan have a high pro- 
portion of individuals totally lacking the pelvic skeleton (Nelson, 
1969, 1977; Nelson and Atton, 1971; Nelson and Paetz, 1974). Other 
authors have noted that throughout its range Culaea also exhibits a 
cline in dorsal spine number usually with a strong mode at five, a 
smaller one at six, with a range of four to seven (Lawler, 1958; 


Nelson, 1969; Scott and Crossman, 1973). 


The pelvic polymorphism is not restricted to Culaea but is 


observed in three of the five gasterosteid genera. Gasterosteus 
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aculeatus shows loss of the pelvic apparatus in freshwater lakes on 
the Queen Charlotte Islands (Moodie and Reimchen, 1976a,b); Texada 


Poland. B.C. )\bonsomes19/60); and Calitornia- (Bell, 1976), .as well as 
Pliocene fossil material from Nevada (Bell, 1974). Pungitius 
pungitius populations from Alberta and Ireland also show pelvic 
polymorphism (Nelson, 1971; Nelson and Paetz, 1972). Variation in 
other morphological structures (e.g. lateral scutes, gill rakers) is 
also known in Gasterosteus from both Palearctic and Nearctic waters 


(Hagen and Gilbertson, 1972, 1973; Wootton, 1976). 


Four possible pelvic states are observed in polymorphic 
Culaea populations: complete presence (with morph), complete absence 
(without morph), spined intermediate (intermediate, spined morph) and 
unspined intermediate (intermediate, spineless morph). Illustrations 
and morphological descriptions may be found in Nelson (1969, 1977) 
and Nelson and Atton (1971). This polymorphism has at least a 
partial genetic basis (Nelson, 1977) hence is of interest for its 


evolutionary implications. 


Pelvic development in Culaea occurs relatively late in 
ontogeny and is extended over a period of time (Nelson and Atton, 
1971). Geographic variation in the time of appearance and formation 
of the complete skeleton has also been noted, with eastern populations 
showing earlier development (e.g. Crooked Lake, Indiana Culaea have a 
complete pelvis at 14 mm) than western populations (e.g. Astotin Lake 
fish with pelvis complete at 21-24 mm), (Nelson and Atton, 1971). 


Relative growth in the length of the pelvic and dorsal spines varies 
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with age. The increase in spine length in smaller fish (< 30 mm) is 
positively allometric but above this size it becomes negatively 
allometric (J. S. Nelson, pers. comm.; personal observation), al- 
though considerable site specific variation of these generalities does 
exist. The implications of differences in growth rate or timing of 


the appearance of the pelvic spines have not been investigated. 


Predation has been implicated in maintaining many of the 
polymorphisms noted above. The effectiveness of the dorsal and pelvic 
spines as anti-predator devices, at least in choice situations in- 
volving Gasterosteus, has been shown by Hoogland et al. (1957). A 
correlation between the low ratio of forage fish to predators and the 
short-spined (and polymorphic) northwestern part of Culaea's range was 
noted by Nelson (1969). This lack of choice of prey items for the pred- 
ators may have created local selection pressures which favoured escape 
responses such as streamlining or lightening the body (Nelson, 1969, 
p. 2444). Subsequent work has lent some support to this hypothesis; 
populations with a high percentage of without morphs tend to be found 
in landlocked lakes (Nelson and Atton, 1971) which are deficient in 
piscivorous fishes (Nelson and Paetz, 1974). The lack of experi- 


mental testing of this hypothesis prompted the present study. 


The study was designed in four sections, to ascertain the 
role of predation in maintaining the polymorphism: 

1. Field work on a polymorphic population established 
morph frequency, distribution and gross ecology, stability of the 
polymorphism and yearly variation in morpn frequency. 


2. Laboratory predation experiments investigated the 
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possibility of selective predation upon the morphs by northern pike 
(Esox lucius), (Pisces: Esocidae); Lethocerus americanus (Insecta: 
Hemiptera); Dytiscus sp. (Insecta: Coleoptera); and Aeschna sp. 
(Insecta: Odonata) predators. 

3. Laboratory behaviour experiments were designed to 
detect and elucidate any behavioural differences in the morphs 
relevant to predation (especially by pike). 

4. -$ftomach collections of pike from the 'natural' 
population permitted the interpretation of laboratory findings with 


reference to the field situation. 


In an approach such as this, certain assumptions must be 
made which have little supporting evidence at the present time. 
Factors other than predation are assumed to have little or no effect 
on the experimental results. The contribution of mutation or 
developmental anomalies to the morph frequency is considered to be 


negligible. 


f> 


ri sional “mets sansbive pana 


y 


i Bt pr - Wig Ma nee “hs Hie } " hy ft ¥ # VA *\} ' by ae 


| 
i . 


. ie aS J ak i v Ay : ' Tole Wis | “7, yet nt . 
ar one i an . 4 , ‘i t ive : ” / f) { Or t a iil, eF lAtg ey £ a Ls 4 dat A ; 


’ oy ring 

wen ae : . 

fe ee : eee ty me S| et re Ay High Hae Pa i iis mM C A 

| 4 iy pe } ae ‘ ayy 7 a A 

aii hy nt na me | a " f Hs ma ani or wih "4 hy : ahh an ee 
I ‘ie { 4 9 ¢ , ; a We ‘ 


My 


My, v. athe all) 


THE STUDY AREA AND STUDY POPULATION 


Introduction 


The Redwater River system (Figure 1) lies about 80 kilo- 
meters (km) north of Edmonton and is a tributary to the North 
Saskatchewan drainage. The specific study site, Wakomao Lake, 
54°09 N 113°32 W, was chosen since it has a large polymorphic popu- 
lation of Culaea which experience predation by both invertebrates and 


northern pike. 


Wakomao Lake (Appendix 1, Figure 7) is a small (about 325 
hectares), eutrophic lake lying in flat marshy country (Government of 
Alberta Hydrographic Survey, 1960). It is the most proximate of a 
series of shallow lakes draining into the Redwater system. Maximum 
depth is about 2.5 meters (m) at the southern end with the average 
depth being between 1 and 1.5 m (present study and Government of 
Alberta Hydrographic Survey, 1960). Most of the shoreline is marshy 
with extensive emergent macrophyte beds (Appendix 3, Table 31) but 
the southeast margin (windward with respect to the prevailing winds) 
is sand beach. Extensive shallow marshes at the north and south ends 
and the west side of the lake are inundated at various high water 


periods. 


Water inflow to the lake is by two small creeks at the 
north end, cutflow is by a meandering moderate sized creek to the 
Redwater River at the south end. Extensive beaver activity on these 
creeks (as well as most of the Redwater system itself) restricts 


fish movements between the various lakes, the Redwater River and the 
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Figure 1: Redwater River system. Numbers refer to 
collection sites from Table 1. 4 = areas 
sampled but no Culaea found, @= towns. 
The major study area was Wakomao Lake (#10). 
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North Saskatchewan River. Wakomao Lake is connected to Halfway Lake 
by a weir controlled canal dug in recent years by the resident. Fish 


movement into the canal is quite evident especially at high water. 


The land surrounding Wakomao Lake is mostly pasture, used 
lightly by cattle, with several hay fields. Willow (Salix sp.) occurs 
along the southern margins and the north end of the lake. Extensive 
areas of the east and southeast shorelines are aspen poplar (Populus 
tremuloides) and jackpine (Pinus banksiana). Most islands in the Jake 
are also wooded. The lake is subject to light recreational pressures 
by the residents and some angling for pike occurs in the vicinity of 


the bridge at the south end. 


Wakomao Lake has been the subject of an abortive management 
program with 25,000 adult yellow perch (Perca flavescens), (Government 
of Alberta Hydrographic Survey, 1960) stocked in July, 1955. 
Subsequent efforts at management have been abandoned due to the 


shallow nature of the lake. 


Four species of fish were found in Wakomao Lake in the 
present study: Culaea inconstans (brook stickleback), Pimephales 
promelas (fathead minnow), Catostomus commersoni (white sucker) and 
Esox Iucius (northern pike). All are believed to be ‘natural’ 


emigrants from the Redwater and ultimately the North Saskatchewan 


systems. 


Methods 


The 1976 collections were restricted to the southeast 


section of Wakomao Lake, Redwater River and Fairydell Creek. In 
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1977 collections were made from the majority of the water bodies in 


the system. All collections were made in water depths of 1.5 m or less 
usually by one of three methods: dipnet, bagseine (8.6m x 1.35 m 
deep, 5 x 3 mm mesh size) or electroshocker (Smith-Root, Inc. Type 
VII). The method chosen depended upon the water body topography, 

the dipnet being favoured in stream and heavily vegetated areas. 
Additionally, minnow trap collections were conducted in Wakomao Lake. 
Each location was sampled so as to avoid collection biases (see 


Appendix 2) and the fish were immediately preserved in 10% formalin. 


Pelvic morphs of preserved sticklebacks are easily score- 
able using a sharp probe (Nelson, 1977 describes the categories). - 
All fish under 20 millimeters (mm) standard length were examined for 
pelvic state under a low power dissecting microscope. Dorsal spine 
counts were easily made and included all exposed erectile elements. 
Standard length (SL) was the shortest distance between the tip of 
the snout and the end of the Hie Ee. read on calibrated dial 
calipers to the nearest 0.1 mm. Some misassignment of pelvic morphs 
may occur in very small fish since pelvic development occurs from 
about 13-21 mm SL (Nelson and Atton, 1971). For this reason, fish 
less than 15 mm SL were considered unassignable to pelvic morph and 


left out of statistical considerations. 


On the basis of vegetation type, time of year and position 
in the lake, eight habitats are discernible in Wakomao Lake 
(Appendix 3, Table 31). Dipnet collections from each of these were 


used to establish any preference by the pelvic morphs. 
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Statistical comparisons were by normal, row by column chi- 
Square with minimal significance level of p = 0.05. Since the two 
intermediate classes of pelvic morphs were present in low frequencies 


all chi-square calculations were done with these combined. 


Results 


Pelvic morph frequency in the Redwater system (Table 1) is 
relatively constant with some notable exceptions. Sites 6, 8, 13, 
15 and 16 contribute heavily to the significant (p = 0.025) deviation 
from typical morph frequencies in the area (e.g. Wakomao Lake). 
These sites all differ from the normal Redwater situation in environ- 
mental parameters which were not quantified in the present study. 
Fairydell Creek collections (6) for both 1976 and 1977 show an over- 
abundance of intermediates. It is a sparsely vegetated, slow flowing, 
spring fed creek with cold water (5-8°C at mid-summer). The beaver 
pond (8) collection has an over~representation of withs and re- 
latively few withouts. It is a sparsely vegetated, cold water pond 
which overflows into a bog at the edge of the unnamed lake. The 
Halfway Lake (13) collection has a paucity of withs and intermediates 
and an excess of withouts. This collection was from a peaty bog on 
the west margin of the lake. Halfway Lake differs from the other 
areas investigated in that it lies in a black spruce (Picea mariana) 
bog basin and seems to have very hard water as evidenced by extensive 


growths of Chara sp. Halfway Lake is also subject to water draw- 


down from a cement plant 2 km south. Wakomao Creek (15) in this 


region is in an area of lowland black spruce-willow bog. 
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Table 1: Morph frequency in the Redwater River system. Map numbers 


1977 


refer to locations on Figure 1. Most samples are com- 


posites from Appendix 1, Tables 28-30. Samples with less 
than 50 individuals are not included. Intermediate groups 
combined for chi-square statistics. ¢ indicates samples 


with anomalous morph frequencies. 


Pelvic Morph Frequency (%) 


With Intermediate Without 
Site Name Spined Spineless 


Redwater River (ohana) ee eel) 25 (24.7) 
Fairydell Creek 152(71.0) 5 (223) 6(2.8) 51(23.8) 
Wakomao Lake 495(68.2) 39(5.4) 31(4.3) NOL) 


X" = 8.51 (p = 0.08) 


Outflow from 937.055) es 0060) e4 (350) 31.(23.5) 
Halfmoon Lake 


Redwater River 402(69.8) 16(2.8) 18(3.1) 140(24. 3) 
Fairydell Creek? 72(68.6) 4(3.8)  6(5.5) 2312179) 


Overflow from IVETE ONG IO Ghee Che) 
unnamed lake 


Beaver Pond? G7 (7605 1316) 20206) 155(19.2) 
Creek 


Creek south of 190(70.1) 9(3.3) 8(2.9) 64(23.6) 
Wakomao Lake 


Wakomao Lake 1526 (70.6) 973 (3 S431 (14) 531(24.6) 


Slough south of 89(70.1) A(3 alls) 1(0.8) 33(26.0) 
Wakomao Lake 


Halfway Creek 105 (72.4) ASF) S(2e2) 33(2207)) 
Halfway Lake* Fals(6,0:. 4 entwel (O-9)) «8 ab0.. 9) 39(34.8) 
Wakomao Creek B27(/0-9)e ole a0 10021) 106 (23-7) 
Wakomao Creekt  247(73.3) 1(0.3) 6(1.8) 83(24.6) 
West Bridges? DOT 2) Gerd ya ad (re) 75(26.0) 


Lake 
Bridges Creek 205(72.4) 9(3.2) 7(2.5) 62(21.9) 
Duggans Creek 226 Snel ateilel (ieaioed bale 2A) 61(20.0) 


x* = 44.47 (p = 0.025) 
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This collection had too few intermediates. West Bridges Lake (16) 
with too few intermediates, is atypical in that it is a relatively 
deep, cold water lake not as eutrophic as Wakomao Lake. The habitat 
of the remaining sites resembled Wakomao Lake closely - heavily 
vegetated, slow flowing or standing water and moderately to very 


eutrophic. 


There is no association between pelvic morph and dorsal 
spine frequencies (Table 2); thus the analysis of the dorsal spine 
variation was restricted (see predation experiments and stomach 


collections). 


The earliest year (1971) for which substantial collections 
of Culaea have been made from Wakomao Lake shows no difference in 
pelvic morph frequency from the 1977 frequencies (Table 3). Between 
1976 juveniles and the surviving (i.e. overwintering) 1977 adults 
there is an indication of morph frequency variation with decreased 
overwinter survival of intermediates and withouts (Table 4). Partial 
restoration of the original frequencies in the next 1977 sample 
containing scoreable young-of-the-year suggests the possibility of a 
periodicity in the frequency changes. However, the 1976 collections 
may have an overrepresentation of intermediate morphs (cf. 1971 and 
1977). Within the 1977 cohort there is a slight but non-significant 
tendency for an increase in with and intermediate frequencies and 


a decrease in without frequency, as fish grow older. 


Table 5 shows no association of the morphs with any defined 


habitat’ in the lake with the notable exception of no occurrence of 
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Table 2: Pelvic and dorsal morph association in Wakomao Lake (both 

years combined). 

Frequency of Dorsal Spine Morph (% of morph 
Pelvic Morph 4 2) 6 7 
with Cac.) 590 (66.4) 27 Ome) 1 (020) 
intermediate He Nae 61707 128) 22°(25..9)) On(0.0) 
without Tse) 196 (70-0) 737(26-1) ORGO20) 
Total Sul (278 847 (67.6) 37 C2556) te(Oe1) 
x? = 5.24 (p= 0.5) 

Table 3: Pelvic morph frequency through time in Wakomao Lake. 

__________~Pelvic Morph Frequency (% 

With Intermediate Without 
Year Spined Spineless N 
1971! CUI 120} TAI) 11 (3.9) 70) (24.7) 284 
1977 1526 (70.6) 7m oRa) Be) 531 (24.6) 2161 
2 


Xe = 0203. i(p =2120) 


1. (UAMZ #2989, 2992 taken July 1) 
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Table 4: Morph frequency change with age of Culaea. 


1976 juveniles to 1977 adults. 


Frequency of Pelvic Morph (% 


Year with intermediate without N 
1976 (76-3,4) 495 (68.6) 70 (928) 164 (de.2)> 926 
1977 (77-2-a) Laos a) Las.) 36 (19.1) 188 


x2 =26-56 gO Ol<ap:<.0 5025) 


1977 (77-14a-c) BGom7c05) ubey UG), 17OR(25. 9) ta 70 


Within the 1977 Cohort (Collections: #77-14-a, 77-20-f, ea 
and /—cv—ac taken On 20 V115. 1Sevili.,.20 ix, and 25 x) 197//, 
respectively). 


Geandand length Frequency of Pelvic Morph (%) 

(age) group with intermediate without N 
15-29.9 mm 345). 075-0) im (ae 1) 88 (20.9) 420 
30-39.9 mm CALL /ads)) 31 (6.9) 92 (20.6) 447 
40+ mm 106 (77.9) 125(828) 1GsGi3e2) 136 


Ke = 9. 03™(pi = 0208) 
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Culaea in open unvegetated water, with exceptions as noted below. 
Stickleback Ecology and the Predators of Wakomao Lake 


The yearly habitat selection of the Culaea population in 
Wakomao Lake is varied and seems to be closely tied to the periodicity 
of cover vegetation and predators. The shallowness of the lake pro- 
bably results in winter oxygen depletion, but due to restricted water- 
ways the population appears to overwinter there. Adults are sparse 
and in the limnetic zone after ice break up. Reproduction begins in 
May and extends to early June, after which the young-of-the-year 
become numerous in the sparse onshore (sand beach area) vegetation 
(Carex, Cladophora and some Myriophyllum). Adult fathead minnows are 
infrequently found in the area. Towards the end of June and beginning 
of July the young-of-the-year and remaining Culaea adults form large 
schools (up to 100,000 individuals) in the open water on the sand 
beaches. An abrupt transition takes place in early August when young 
fatheads begin schooling in the same area; the Culaea schools break 
up and the individuals tend to become associated with beds of 
Myriophyllum and Ceratophyllum which, at about this time, are 
achieving their peak densities. The sticklebacks remain associated 


with these vegetation beds until freeze-up. 


The predators found in Wakomao Lake (Appendix 3, Figure 
8) follow similar seasonal cycles. Northern pike were probably 
present in moderate numbers at all times but only data for July 
and August were collected (see stomach section). Pike favour 


vegetated areas and will enter very shallow water when pursing prey 
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items (pike were taken occasionally in bagseine hauls). Predation 


by pike on the sticklebacks of Wakomao Lake was likely considerable. 


Lethocerus americanus (Belostomatidae: Hemiptera) nymphs 
and adults were present in low frequencies throughout the summer 
(Figure 8). They were associated with macrophytes, usually the dense 
Myriophyllum beds. Their consumption of Wakomao Lake sticklebacks 


was probably low but constant. 


Dytiscus sp. (Dytiscidae: Coleoptera) larvae were very 
abundant from early June to mid-July (Figure 8), primarily associated 
with vegetation but at this time the sticklebacks were mostly school- 
ing in the open water. Their predation on the Wakomao Lake popu- 
lation may have been considerable, especially on reproducing adults 


and newly hatched young which were still in vegetated areas. 


Odonate (dragonfly) nymphs were present throughout the 
year (probably overwinter also) and showed some periods of great 
abundance (Figure 8). Their predation on the Culaea population was 


likely considerable. 


A superficial survey of the remaining vertebrate and invert- 


ebrate fauna yielded a list of other potential predators on the Culaea 


population (Figure 8). The influence of most of these on the stickle- 


back population, especially the avian piscivores is unknown. 


Discussion 


Slight correlations of pelvic morph frequency with specific 
environmental conditions have been noted by Nelson and Atton (1971) - 


a greater tendency for pelvicless forms to occur in lakes lacking 
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outlets and a larger frequency of anomalous morphs in lakes which 
have been disturbed. Localities are known in which adjacent but not 
contiguous lakes have radically different morph frequencies (Nelson, 
1977; Nelson and Atton, 1971) and in some there is a tendency for 
higher without frequencies in lakes lacking piscivorous fishes 
(Nelson and Paetz, 1974). In the present study most of the morph 
frequency fluctuation is in the intermediate and without categories 
in atypical sites in the Redwater system. The various factors which 
may be correlated with the morph frequency variation are unknown. 
Nelson (1977) speculates that variation in predation may be the 
environmental variable causally associated with the polymorphism 
frequencies. The potential predators and their influences on the 
populations presumably vary in these atypical situations but the 
correlation of predator density with morph frequency was not 
rigorously investigated. The influence of potentially important 
environmental factors such as variation in calcium and phosphorous 


jon concentration on pelvic development is unknown. 


The lack of association between the dorsal spine count and 
pelvic polymorphism suggests that these are responding to different 
causal agents, assuming that the dorsal spine variation has a genetic 
basis and is not merely a result of the influence of physicochemical 


parameters on developmental processes. 


The short term stability of the pelvic polymorphism has 
been noted for other lakes, (Nelson and Atton, 1971 and Nelson, 1977), 
but the frequency in some areas fluctuates from year to year (e.g. Muir 


Lake collections, J. S. Nelson, pers. comm.). These authors also 
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suggested a tendency for variation in the morph frequency between or 
within different age classes in Astotin Lake. These findings, the 
Significant change in morph frequency in the 1976 to 1977 samples 
(fewer intermediates and withouts collected the following spring), 
and the tendency within the 1977 cohort for fewer withouts being 
present in samples of older fish might be due to one or more of a 
variety of causes. Aside from such factors as non-random sampling 
(see Appendix 2) or differential morph dispersal (unlikely since the 
same area was sampled and the lake population is believed to be 
isolated during winter), such change in phenotype frequencies may be 
due to incorrect assignment to morph, differential reproduction or 
development, or to differential selection within the generation. Of 
these latter three factors, the last - differential selection - seems 
most plausible, since incorrect assessment of phenotype is unlikely 
at the larger sizes of fish considered and sampling occurred after 
reproduction and expression of the pelvic condition. The influence 
of non-random mating upon the morph frequency is unknown and could 
potentially contribute greatly to observed morph frequencies. The 
causative selective agent which removes intermediates and withouts 

is unknown, but by inference from subsequent work, it may be predation. 
Many more long term observations are necessary to accumulate evidence 
to support or deny a hypothesis of annual cyclical selection and even 


to establish the stability of morph frequency. 


The lack of morph association with the grossly defined 
habitats in Wakomao Lake suggests that with respect to the pike 


predators, and perhaps the invertebrate predators as well, no 
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potential difference in morph availability is evident, at least on 
an ecological basis. This work does not eliminate the possibility 
that subtle between morph differences in ecological preferences may 
exist which would bias morph availability especially to the 
invertebrate predators. The tendency to shift habitat preferences 
for at least part of the year may act to minimize some predation on 
the stickleback population; e.g. by removing them from the site of 


invertebrate predators. 
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THE METHODS OF THE PREDATORS 


Pike 


Northern pike are opportunistic predators (Scott and 
Crossman, 1973) which prey in a stereotyped manner. Hoogland et al., 
(1957) and Christiansen (1976) provide detailed descriptions of pike 


predatory behaviour. This brief summary is based upon their accounts. 


The pike orients to its prey after initial detection and 
then follows one of two possible patterns which depend to some degree 
upon the prey's behaviour. If the situation is occurring in cover 
vegetation (or in a confined tank space, present study and Hoogland 
et al., 1957) or if the prey is unaware, the pike stalks slowly 
forward until appropriately positioned and then makes a sudden final 
predatory lunge. If the sequence occurs in &n open area where the 
prey item is more likely to be fleeing, the pike makes a rapid | 
approach, pursuing and snapping at the prey. The former sequence is 
usually the more successful. At the same time as the jaws are 
snapped shut the predator sucks water and prey into its mouth. This, 
combined with the forward momentum of the pike, makes escape unlikely 
for prey much smaller than the pike. After capture, the prey is 


manipulated, turned on its side and swallowed, usually head first. 


Pike associate with vegetated areas usually in shoreline 
situations (Diana et al., 1977; Roberts, 1975). Christiansen (1976) 
has shown that this association is primarily with sparsely to 
moderately vegetated areas. He suggests that some cover vegetation 


is necessary for successful predation since it is here that the pike 
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quietly lurks, hidden until a prey item chances to come close. 
Extremely dense vegetation impedes the predatory act and is avoided 


by pike (Christiansen, 1976). 


Pike rely heavily upon vision and to a lesser extent upon 
mechanical stimuli for initial orientation to prey items 
(Christiansen, 1976 and present study). Prey movement or locomotion 
is important in releasing the final lunge (present study) and pike 
often turn away from the target fish if such movement is not forth- 
coming. The pike may be characterized as active foragers early in 
the year when little vegetation is present (J. Diana, pers. comm. ) 


but become stalking, semi-ambush predators at later times. 


Preference for dense cover and less activity in open water, 
remaining immobile while being stalked and fast or early initiated 
escape attempts would be distinct advantages to sticklebacks en- 


countering pike predators. 


Lethocerus americanus 


Lethocerus americanus is a large (up to 6.5 cm long) 
highly predaceous, aquatic bug capable of taking most large 
aquatic organisms including tadpoles, frogs and fish (Pennak, 1953). 
The bug usually sits motionless at or near the surface with its body 
extending obliguely down (Usinger, 1956), gripping detritus or 
vegetation. It waits until a prey item blunders between 
or near the outstretched, raptorial forelegs. Orientation to an 
approaching prey item is evident. Quick, short snaps of the forelegs 


may be made at the prey if the bug is especially hungry. The capture 
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response is visually controlled and only when the prey is close 
enough are the forelegs snapped shut. Immediate insertion of the 
beak and injection of toxic saliva (Pennak, 1953) dispatches the prey 
quickly. The liquified contents are then sucked up and the remains 
discarded. Once caught, escape of the prey is unlikely since the bug 
quickly clamps all six: legs around the item if need be and floats 
free until the prey is dispatched. Holling (1961) reports that these 
bugs continue killing prey items even when satiated; hence their influ- 
ence on a prey population may be considerable, but is dependent upon 
prey density. Lethocerus may be characterized as a strictly ambush 


predator. 


Culaea does not investigate the bug unless it moves. In- 
dividual prey types preferring vegetated areas or approaching closely 


will be at a disadvantage. 


Dytiscus 

Dytiscus sp. larvae are large (up to 4.5 cm long) 
voracious predators which use sickle shaped mandibles for prey 
capture. The larva anchors itself to vegetation and sits in a 
typical reverse-C posture with the head capsule and mandibles pro- 
truding into the water column. Periodically, the hold is released 
and the positively buoyant individual floats to the surface for 
respiratory gas exchange. The larva then swims back to the bottom 
using legs and body in an undulating fashion. Predation seems to 
be primarily visual and the larva will make short, up to 2 centimeter 


(cm) lunges at any prey item which ventures near or near to which 
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it swims. The larvae also swim towards movements made by potential 
prey. Salivary injections probably cause the prey to quickly 
succumb, the liquified contents are sucked out, and the remains are 
discarded. Dytiscids may be characterized as ambush-lunge predators, 
waiting for the prey to come near, then attempting to capture it by a 


quick lunge. 


Prey fish such as sticklebacks which actively investigate 
movement of small organisms would easily place themselves in vulner- 


able positions. 


Aeschna 


Due to limitations of time and collection problems be- 
haviour of Aeschna sp. (Aeschnidae: Odonata) predators was not exten- 
sively investigated. The nymphs are primarily bottom feeders but 
also occur in vegetation at all depths in the water column. In 
addition, they will also crawl out on projections of detritus and 
wait for prey items at night (T. E. Reimchen, pers. comm.). If they 
have the opportunity they will take small sticklebacks at least in 
the lab, but field work is required to determine if this occurs in 


the lake for Aeschna, as well as the other invertebrate predators. 
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LABORATORY PREDATION EXPERIMENTS 


Methods 


Laboratory experiments were conducted to determine the 
direction and degree of any differential predation on the primary 
pelvic morphs (with and without). All prey fish were collected from 
the southeast portion of Wakomao Lake by dipnet or bagseine and 
transported to flow-through fibreglass holding tanks (59 cm x 48 cm 
x 120 cm). They were held at ambient (8-17°C) water temperature under 
natural photoperiod until used. During holding and experiments the 
prey fish were fed every second day on either live invertebrates from 
Wakomao Lake (especially Daphnia sp.) or commercial frozen brine 
shrimp (Artemia sp.). Mortality was usually low but during a two 


week period in late July an unknown disease caused many deaths. 


Two basic types of experiments were conducted, using 
either northern pike or invertebrates as predators. All experi- 
ments were carried out in natural photoperiod from late summer to 
mid-winter, the time when sticklebacks tend to be gregarious 
thus removing biases due to intraspecific agonistic behaviour 
in the prey fish. However, effects of season upon the relative 
advantages of the morphs were not controlled and this has been 
shown to be important in selective predation on Gasterosteus 
(Moodie ee le 1973). Prey fish were removed from the holding 
tanks and dorsal spine counts made, standard length taken and 
pelvic state determined prior to the experimental setup. All 


reasonable attempts were made to exclude individuals of the spineless 
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intermediate group from the without category but as Nelson (1977) 
notes, the categories spineless (withouts and spineless inter- 
mediates) one-spined (intermediate spined) and complete (with) were 
the best when dealing with live fish. The inclusion of some spine- 
less intermediates in the without category may bias to an unknown 
degree the results presented. Equal frequencies of with and without 
morphs (15 of each in pike experiments, 7 of each in invertebrate 
experiments) were placed in the experimental tanks and allowed to 
acclimate for six to seven days before the predator(s) was intro- 
duced. All experiments were conducted with only one dorsal spine 
category (either five or six) and the prey were divided into 
homogenous size groups of small (20-29.9 mm SL), medium (30-39.9 mm 
SL) and large (40-49.9 mm SL) fish. Cover vegetation when present 


consisted of Myriophyllum, Ceratophyllum, Potamogeton and filamentous 


algae from Wakomao Lake. 


Pike predators for the experiments were collected as young- 
of-the-year (8-10 cm SL) from the Redwater River (Figure 1, site 5). 
Invertebrate predators were collected either at this Redwater site or 
Wakomao Lake. Predators were held in flow-through tanks and main- 
tained on a variety of live prey - fathead minnows, suckers and 
sticklebacks of all pelvic types. The pike grew in the course of the 
eres aeons but all were between 11 and 18 cm SL. Predator and prey 
sizes and the ratio for each experimental set is shown in Table 46 


(Appendix 4). 


A series of experiments conducted in 1976 differed from the 


above setup in several ways: pike were from the Sturgeon River near 
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Darwell, Alberta, and were assumed not to have been exposed to 


polymorphic Culaea either historically (i.e. immediate ancestry) or 


within their lifetimes since few sticklebacks are found in this river 
system. No acclimation period was allowed the prey fish. Several 
sources of prey fish were used; Fairydell Creek (Figure 1, site 2), 
Wakomao Lake (Figure 1, site 3) and Whitemud Creek (at Highway 39, 
five km west of Leduc, 53°16 N. 11338 W). Prey sizes and dorsal 
Spine categories were mixed. The fish remaining were scored to 
pelvic morph daily. The pike predators were not changed during the 


experiment. 


Experiments involving pike were conducted in flow-through 
fibreglass aquaria (52 cm x 32 cm x 76 cm) with a low input flow of 
ambient water and a single airstone. Pike were changed each morning 
(1977) and the number of remaining prey determined. When 50% of the 
prey had been eaten the experiment was terminated and the pelvic 
morph frequency of the survivors determined. The surviving fish were 
examined for predator marks caused by contact with pike's teeth. 
These marks were very characteristic, either rows of conical 
depressions or elongate slashes on the flanks of the fish. Two 
types of experimental conditions were investigated - vegetation 
present Ay covering 25-50% of surface area of the tank and no cover 
vegetation present. Thus, there were 12 experimental combinations: 
3 size groups X 2 dorsal classes X 2 experimental conditions. Two 
other series of experiments were conducted. With morphs had their 
pelvic spines clipped to make them morphologically equivalent to the 


without morphs. In one series clipped withs and normal withouts 
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were presented in equal frequency for no cover, medium and large 
prey fish experiments. The second series presented clipped withs in 
equal frequency to normal withs for no cover, medium and large prey 


fish experiments. 


Three categories of data were forthcoming from the pike 
predation experiments. The number of each morph consumed is derived 
by subtracting the number of each morph alive at the termination of 
the experiment from the starting number. This latter number was 
adjusted for any mortality of the prey fish due to causes other than 
predation. Surviving fish marked by the predator are equated with 
escapes from the predator in subsequent analysis. This measure is 
obviously biased downward since it is unable to account for multiple 
escapes, escapes then consumption,or fish not marked during escape. A 
third basis for comparison is the number of fish attacked by the pike. 
The number of attacks is the sum of consumed and marked for each 


morph. 


Experiments with invertebrate predators (Lethocerus 
americanus, Dytiscus sp. larvae and Aeschna sp. nymphs) were con- 
ducted in standing water plexiglas tanks (29 cm x 29 cm x 37 cm) at 
room temperature (198c A single airstone provided aeration. Al] 
tanks had a 1-2 cm layer of sand on the bottom. All experiments 
were conducted with cover vegetation (25-50% area covered) collected 
from Wakomao Lake. Small and medium size categories of prey fish 
were used. Predators were not changed daily. Adult and nymphal 
Lethocerus were used as single predators; larval Dytiscus and 


nymphal aeschnids were placed in experiments in threes. Only the 
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number of each morph consumed was analyzed. 


Experimental results within eee dorsal spine category were 
tested for heterogeneity (Sokal and Rohlf, 1969), then combined since 
all experiments within each group were homogeneous. Differences in 
predation upon five and six spined fish were investigated by sub- 
jecting the number of fish eaten from each dorsal spine group 
compared to the number offered, to normal chi-square. No significant 
differences were found and results for five and six spined fish were 
combined unless directional trends were noted, e.g. large five spined 


fish in cover (pike predator) and Dytiscus experiments. 


The data (consumed, marked, attacked) were analyzed using 
the hypergeometric chi-square method of O'Donald and Pilecki (1970) 
in the following format: 


Pelvic Morph 


with without total 
itera S Calc Laee er ae ee eee ec A B N 
NIOTE OC ALETI sree e ees Bettas Sas are iota e cee a b n 


2 
2 _ (aN-An)°(N-1) 
where Ko = nAB(N-n) 


Normal chi-square assumes selection occurs from an infinite population 
of each morph. Since this assumption is not met, the probability of 
encountering the rarer morph (if selection does occur) diminishes as 
predation continues. The hypergeometric chi-square test compensates 


for this. 
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Results 


Pike predation 


The 1976 experiments (Table 6) show significant selection 
for the without morphs from the Redwater River system (Wakomao Lake 
and Fairydell Creek). No selective predation of either morph occurred 
in the experiments involving Whitemud Creek fish. No predation marks 


(escapes) were noted on any fish from the 1976 experiments. 


Predation upon unaltered Wakomao Lake morphs (Table 7) by 
Redwater pike in 1977 is non-selective in most cases. However, for 
large, five dorsal spined fish in the cover series there is a non- 
Significant trend in each replicate for selection upon the without 
morph. Comparing corresponding size groups of prey between cover and 
no cover experiments shows that the x2 values (a measure of the 
predation differential between morphs) is always larger in the cover 
series (ex. small: 0.08<0.82; medium: 0.03 <0.85; large 0.22< 2.58). 
Within both the cover and no cover series, aS size of prey increases 
the predation differential becomes greater, especially between medium 
and large size fish (x2 fromi0. 85 to 2.58 and 0:03 to 0.22). )Within 
the cover experiments the non-significant selection is initially 
against small withouts, reverses to slightly on medium withs and then 
back to large withouts. Within the no cover series predation is 


essentially equal on both morphs of each size group. 


When presented with morphologically equivalent prey 
(clipped withs and normal withouts) pike significantly prefer the 


clipped withs (Table 8) of the medium size group but select neither 
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Table 6: 1976 pike predation experiments on pelvic morphs (Sturgeon 
River pike, no cover vegetation, mixed dorsal morphs and 
mixed size groups). 

Note in all tables following: * = p<0.05, ** = p<0.025, 
K**eeepa0. Ole Hypere.=ohypergéometricsh 1 tasnsubsecripte= 
Yate's correction for continuity applied. 


Predator/ 


eneECouor Prey With Without ele 
Prey Fish SL Ratio Offer Ate % Offer Ate % X 
Wakomao Lake 3.8 69 fake | «Ke 66 SO £55 Gli 
Fairydell Ck. Cs 24 EAS 1s Loe Oo ee eo 
Whitemud Ck. ore 47 Zon #49 49 Zoe e5S. O20 26 


Table 7: Pike predation on unaltered pelvic morphs from Wakomao 
Lake, 1977 (Redwater River pike; dorsal morphs separated 
‘in replicates then combined if no differences were noted). 


——— — —  —— —— ————————————_—— 


Predator/ 


Prey With ____ Without Hyper. 

Conditions SL Ratio Offer Ate % Offer Ate % x2 
Cover vegetation 
smal] Seale TO4P* “4479442 Om BESTE CAGe 078? 
medium ASS 85 48 56 85 42 49 One5 
large 

5 dorsal 320 43 18 42 43 26 60 2.94 

6 dorsal 326 44 al 48 4} Le 54 0.29 

combined 87 —- 39 45 CUE AR ie) eee 


No cover vegetation 


smal] 4.2 SOF) cOemeeS DOmaco proce 10.08 
medium 4.1 P5MICSS/ Pea FOUR ESO 4S. e003 
large SEO 58s 29) eau Om eon mao Oace 
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prey type from the large size group. 


There is non-significant selection of clipped withs over 
normal withs for the medium size group (Table 9) but no selection for 


either prey type of the large size category. 


The effect of altering the with morphs so they are morpho- 
logically equivalent A withouts may be seen by comparing the percent 
consumption of both morphs (medium size group) between no cover, 
intact experiments (Table 7) and no cover, clipped with/normal 
without experiments (Table 8). Withs are consumed 49% and 61% while 
withouts are consumed 48% and 39%, respectively. That is, morpho- 
logical equivalence increases predation upon medium sized, with 
morphs. However, morphological equivalence does not have a similar 


effect on large withs (50% and 42%). 


All escapes of unaltered fish, with one exception, were by 
large prey (Table 10, x2 within each morph in each experimental 
series is very significant). Similar trends are seen in the experi- 
ments involving altered morphs (Tables 11 and 12) but medium fish are 
marked more. In all cases except large, clipped with/normal with 
experiments, the unspined (without) or despined morphs did not escape 
as often. A significant difference between morphs is evident if the 
results are pooled for intact prey (x? = 3.84*, Table 10) and 
clipped withs/normal without prey (x2 = 7.59***, Table 11). Alterat- 
ion of (clipping) the morphs reduces but does not eliminate the 
escapes (cf. Table 10 and 11 x2 values). Cover vegetation causes a 


decrease in the differential escaping by the morphs. 
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Table 8: Pike predation on altered withs and normal without morphs 
(no cover, dorsal morphs separate then combined). 


alk Clipped Withs Without Hyper. 
see Statins witien Ate Zen Offerushtne Z % 
‘ere 3.9 88 54 61 £489 35 39 °#8.55%*x 
Large 3.7 a5, 4B. 42 ye 480 2 52% 0993 


Table 9: Pike predation on normal and altered with morphs (no cover, 
dorsal morphs separate then combined). 


Predator/ 


Prey Normal Withs Clipped Withs Hyper. 
Size SL Ratid’ Offer Ate % Offer Ate 2 % 
Medium 3.9 ean eee AULAEET dnsds ) EZ 
Large 3.6 Spgs aes a sualiaa ta 1.0500 


Table 10: Escapes (predator marks) of unaltered pelvic morphs. 


With Survivors _ Without Survivors Hyper. 
Conditions Unmarked Marked % Unmarked Marked % x2 
Cover vegetation 
smal] 60 0 0 54 0 0 0.00 
medium 37 0 0 43 0 0 0.00 
large 40 8 17 33 3 8 1.66 
xo = 13.36,*# x* = 6.66,* 
No cover vegetation 
smal] 33 0 0 27 0 0 0.00 
medium 37 1 3 39 0 0 1.05 
large 20 9 =i! 26 5 16 3.47 
xo = 14.67, x* = 8.04,* 


All pooled 227 18 7 222 8 525. atone 
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Table 11: 


Size 


Medium 
Large 


Pooled 


Table 12: 


Size 


Medium 
Large 


Pooled 


Table 13: 


Conditions 


Escapes (predator marks) 
without morphs. 


of altered withs and normal 
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17 a 
Xo = 3.64 

47 12 25 


Escapes (predator marks) 
morphs. 


~ Normal 


With Survivors 


Unmarked Marked % 


16 3 16 
9 6 40 
a 
Nie Dc 
25 9 26 


Offers ALiecke.. 


Cover vegetation 


sma 1] 
medium 


large 


__ Without Survivors Hyper. 
Unmarked Marked % x2 
bz 2 é 2.49 
18 3 14 3.64 
Keene? ie 
70 5 7 hee oe 


of normal and altered with 


same as predated (Table 7) 


same as predated (Table 7) 


87 47 54 


No cover vegetation 


smal] 
medium 


large 


same as predated (Table 7) 


US) Cis 
58 38 63 


Clipped 
With Survivors Hyper. 
Unmarked Marked % xe 
iz iL 8 0.59 
7 9 55 C20 
io Span 
19 10 35 J neal 
Without Hyper 
Offer Attack % x2 
84 51 oul 0.78 
75 36 48 0: 
57 31 54 ied? 
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Table 14: Attacks by pike on clipped withs and normal without 


morphs. 
Clipped Withs Without Hyper. 
Size Offer Attack % Uffer Attack, 2% x2 
Medium 88 58 66 89 3/ fe 10 shore 
Large 43 26 60 44 26 59 0.02 


Table 15: Attacks by pike on normal and altered with morphs. 


Normal Withs Clipped Withs Hyper. 
2 


Size Offer Attack 7 Offer Attack 2% i 
Medium 30 14 47 30 18 60 105 
Large 30 ak 70 30 as LU 233 


Table 16: Invertebrate predation on pelvic morphs (cover provided, 
dorsal morphs separate then combined). 


With Without Hyper. 
Bonditione Wie ois I ies ye 


Lethocerus americanus as predator: 
sma] 76 34 45 TE 40 elon g pae 
medi um 27 15 55 26 1s S0n FU a16 


Dytiscus sp. (larvae) as predator: 


sma |] 
5 dorsals 49 29 59 49 1g) Soups cae 
6 dorsals 55 21 60 34 (eal G2eueU sue 
medium 7 3 43 7 4 Saeed. 


Aeschna sp. (nymph) as predator: 
sma || 5 0 0 6 4 Of tes 
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Attacks (marks plus consumed) on intact fish (Table 13) 
Shows similar results to consumed (Table 7) with the following ex- 
ceptions. The between morph attack differential for the large, cover 
experiments is reduced to equal those for small and medium (x2 = 0.78 
cf. 0.82 and 0.85), that is, all sizes of Culaea were attacked with 
equal frequency. The differential for large, no cover, experiments, x2 
increased from 0.22 to 1.47, that iss; larger sized prey are attacked 
more than smaller prey (see also the pike stomach results). Results 
for attacks on the altered morphs (Tables 14 and 15) parallels those 


for the consumed,Tables 8 and 9. 


Invertebrate predation 


Lethocerus americanus does not selectively prey upon 
either pelvic morph in the size groups considered (Table 16). 
Dytiscus sp. showed significant selective predation on small, five 
dorsal withs but no selection of either pelvic morph with six dorsal 
spines. Aeschna sp. showed significant selective predation on the 


without morphs in the one experiment conducted. 


Discussion 


Pike (1976 results) which are naive to stickleback spines 
learn to differentiate between pelvic morphs and select the least 
spiny (without) individuals. Such selection occurs prior to the 
pike's attack since no escapes (predator marks) of either morph were 
noted. The basis for this pre-selection is unknown; inferences 
from subsequent work suggests it may be behavioural differences in 


mobility. Pike are capable of visually discriminating the 
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morphological difference (Ali and Anctil, 1976). It is unclear why 
the same pike would not select the without morph in the Whitenud 
Creek experiments. These prey fish were slightly larger and both 
morphs may have greatly exceeded some critical measurement (rather 
than just the with morphs - see below) or a behavioural difference 
between prey populations may exist. Redwater fish have historically 
been exposed to heavy pike predation while the Whitemud fish probably 
have not been preyed upon as much. Further investigation of site 
specific variation in the stickleback populations would clarify this 
point and may lend support to Nelson's (1977) independent site- 


specific hypothesis of the polymorphism origin. 


Comparing the 1976 and 1977 Redwater results suggests a 
difference in the predator also occurs. Redwater pike seem better 
able to cope with the pelvic spines of the with morphs than do 


Sturgeon River pike. 


The effect of the pelvic spine loss without other between 
morph complicating differences is shown by the clipped with/normal 
with experiments. The non-significant trend is selection for medium 
withs. There is no selection for either large morph perhaps due to 
the influence of size discussed below. The conclusion is that the 
pelvic spines do protect their owners to some extent but other 


factors inherent in each morph influence this to a variable degree. 


Making the withs morphologically equivalent to the withouts 
results in significant selection against medium, clipped withs. 


There is no selection for either morph of the large size category. 
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Since there is essentially no morphological difference this selection 
must be due to other non-morphological differences between morphs 
such as behaviour. No cover vegetation is present (hence one aspect 
of differential accessibility is eliminated) so the postulated be- 
havioural difference may be associated with activity either before 
predation (which would attract the pike) or after orientation (which 
would enhance completion of the predatory sequence). Other explan- 
ations are possible, for example, differences in schooling position 
of the morphs would result in differential selection, since nie 
take the fringe members of a school (Nursall, 1973) especially at low 
light intensities (Dobler, 1977). Information bearing on some of 


these postulations is presented in the behavioural section. 


The observed results uSing unaltered prey indicates that 
predator-prey size ratio has an influence upon predation. Small pike 
(110-180 mm SL) were used in this study. In a predator which 
grasps, manipulates then swallows its prey whole, the maximum body 
depth of the prey item has been shown to be highly correlated with 
pike jaw width (Christiansen, 1976). These pike have a maximum jaw 
width of 1.5 cm; the prey used in the experiments have a total body 
depth (TBD) of: small with 0.70 enka cent 0.59 cm; medium with 
0.92 cm, without 0.81 cm; and large with 1.14 cm, without 1.03 cm 
(Appendix 5). .The morphs in the large category both closely approach 
the maximum body depth these pike are capable of handling. This 
coupled with the fact that the total body depth of both withs and 
withouts is actually a triangle between dorsal and pelvic spine 


tips, or dorsal and belly corners would not only make large (with 
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respect to the pike predator) withs especially unattractive as prey 
items but large withouts would be unacceptable also. Additional 
support for this is seen in Table 9. Both large prey types - clipped 
with and normal with - approach the critical TBD the pike can consume 
so neither is selectively preyed upon. The medium prey fish do not 
exceed this critical TBD and selection occurs upon the least spiny 
form. A similar situation is shown in Table 8 (altered with/normal 
without) with significant selection occurring in the medium size and 


little in the large prey size groups. 


Consequently, for the pike experiments using small prey 
fish, the polymorphism is at least morphologically unimportant to the 
pike, no fish escape and the withs are essentially equivalent to the 
withouts. It may also be inferred that the morphs at this size (age) 
are behaviourally similar (see behaviour section). For the medium 
size category the spine effectiveness is still not maximal (few 
escapes) thus there is a tendency to prey on withs which are prefer- 
red for behavioural reasons. The TBD of the large prey fish 
approaches or exceeds the pike's jaw width making both morphs (but 
withs more so) unattractive as prey items. The attacks upon the size 
groups do not vary with size but rather the important parameter is 
escapability after capture. The with morph is better able to escape 
hence selection may be for withouts, but this is countered by the 
assumed behavioural difference which favours the without morph. 

Thus, the selection for each morph never becomes significant in the 
experiments with intact prey since these two factors work in 


opposite directions to protect their owners. However, removing the 


i 
wid 
an ul 7 MA re 


pt 
i 


cL 
f 
Ai Were aA 
Vitel et 
1 Be Dae 4 
nt a a 
Pe te Ua mt ai 
, mK 
cue) a 
Lys 
. , i 
( ! hi 
4 ‘ ms 
ey it 
Ma 
Yas } 
a Beth 
“ a) 4) 
Ay ot? a ‘omgp es ni he iii 
Wey i BY i i) 
(8s Ra oe 
| Nailin aan 
2) ME WA MN TR Ae od ily | 2 
" 0 ai ; eA ie 
5 in Val Wy, 
; bye 
i ¢ 4). Phat i t) ve ih 7) i he 
Wh va we Ort AK in 
1 lV nih ij 
i De ‘if 
{ ae, iN 4 he ny ;! ia i 
QR) BSI AD tie ake 
hah a ‘ i ray 
| ~ i ao ne OF fa 
Ba yo AR an in me "y, Mah fie", 6 ai 
oi vey Niet 
rae ih fh 7 
: I event | NO ea ae Ua all 
Wad } i ‘ Va ea 
Ted } ' PANY Woy Mg me ea 
me mat re 
, a, ae 
i; 8 
Me a i 
\ 
mi i i fl 
i a iia hs a os iy ny, ae 
‘ Wi Dive RV 
I # ; iy i} yas Bh lS ait r i ita 
Q Ten oy 4 i i, 
rire) aon Mh i a C ete i, foo) ie fi Waid 
i ns r “a eli { spa oy 49 uh 
bay nae Mi Ay 
| we 
f 4 r i 
7 e i a Ay q sn a Ny ‘ 
{ f My Ls v wh nt ‘i 
t | ie 
boi a ye 
. nhs ar (7 } Ait a 4 Hy 0 ri 7 sal e 
yy 2} ; , Ms h ae 
ny hint nd fi i ny i! i ie ey 
; (1 ad i; hr j 
| wot: Wedd nsedoMig 
anny VA ais OTN | ah a, ny 


40 


spines results in significant selection upon the with morph (be- 
haviourally preferred) in the medium size group. The differential 
escapability of the large morphs is due to the effect of the pelvic 
spines but other factors are influencing these results (since when 
presented singly the same size of prey never escaped once 


captured - see behaviour section). 


Popova (1966) has noted that the erectile nature of spiny 
armament in fish has an additional advantage, in that the potential 
increase in size of the prey makes it less available to small pre- 
dators. In the Wakomao Lake situation, the early appearance and 
rapid growth of spines (see introduction) would remove withs from 
young-of-the-year pike predation for a longer period of time than 
withouts. This would represent a distinct advantage to the with 
morph, especially early in the year, which might explain their greater 


frequency in the Jake. 


From this size selective hypothesis several predictions are 
possible. First, for very small pike predators the morphological 
difference in the morphs even at small prey sizes will be important, 
‘thus a sample of wild caught pike (or experimental pike) of a size 
from 5-12 cm SL will select for small without morphs (assuming no 
other difference between small morphs exists). Second, larger pre- 
dators, that is above 20 cm SL, will select large withs for be- 
havioural reasons only,since the spines or their absence makes no 


difference to these pike. 


The no cover experiments attempt to make the pelvic morphs 


behaviourally equivalent by equalizing the accessibility of each 
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morph. The slight difference in selectivity and attacks between the 
cover and no cover experiments (x2 greater in cover for any pair-wise 
comparison of a size group) suggests that the morphs ee reeatad ly 
use cover vegetation to minimize predation. Whether this postulated 
behavioural difference is related to association with cover or 
whether it is interference of vegetation in the pike's attack is not 
known. Attacks on each morph in cover are equal across size groups 
indicating that, when cover vegetation is recent pike prey opport- 
unistically on what is available. In no cover situations the 

attacks increase with size of the prey, thus pike select for larger 


prey items if they are available (see stomach section). 


The morphological difference probably means nothing to 
invertebrate predators such as Lethocerus and Dytiscus which pierce 
and suck prey items. The observed non-selective predation of 
Lethocerus and selection on withs by Dytiscus is related to the ways 
these predators prey. Lethocerus is strictly an ambush predator. 
Predation on each morph is a statistical event correlated with morph 
density, hence non-selective (but see general discussion). Dytiscus 
sp. is an active, ambush-lunge predator. The morphological differ- 
ences between pelvic morphs may cause differential escape speeds and 
thus have a small] but untested influence upon the selection. However, 
the most pausible explanation for the observed selection is a be- 
havioural difference between morphs pleiotropically associated with 
the gene determining pelvic morph (see behavioural section). Spines, 
both pelvic and dorsal, are used by Aeschna sp. to grasp and hold 


Gasterosteus aculeatus (T. E. Reimchen, pers. comm.). Reimchen also 
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gives evidence that a pelvic polymorphism in G. aculeatus is partly 
a response to heavy dragonfly predation in which the unspined morphs 
are favoured. These results are opposite to those observed in the 


present study but small sample sizes prevent firm conclusions. 


There is also a suggestion of differences between dorsal 
spine groups in these data, selection is upon large five dorsal spined 
but not on six dorsal spined withouts by pike; and upon small five 
dorsal spined withs but not on six dorsal spined withs by Dytiscus. 
The involvement of two radically different predators suggests that 
the difference between morphs is not morphological (but perhaps be- 
havioural). Rigorous testing of this hypothesis may yield evidence 


regarding why some Culaea populations have stronger modes at six 


dorsal spines than at five (Lawler, 1958; Nelson, 1969); that is, 


this difference may also be predator related. 


In summary, it is clear that two morphological factors 
influence pike predation in these experiments - predatory/prey size 
ratio and the pelvic spine condition of the prey. For small pike 
(four times prey length or less) the with morphs' TBD greatly 
exceeds some critical measurement, probably jaw width,so preference 
is for withouts. Both morphs escape from small predators but the 


withs are favoured. A larger predator whose jaw width exceeds the 


spines, that is, to large pike the pelvic morphs are morphologically 
equivalent. Escapability of the morph before contact or inaccess- 
ibility will be favoured in this situation (most pike taken in the 


lake are much larger than the minimum size for spines to be effective) 
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so a behavioural. difference between morphs has been postulated to 


account for results observed in experiments. 


The morphological difference in Culaea makes no difference 
to Lethocerus or Dytiscus predators but may be a factor in Aeschna 
predation. Differential predation by Dytiscus sp. is attributed to a 


hypothesized behavioural difference(s) between morphs. 
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LABORATORY BEHAVIOUR EXPERIMENTS 
Methods 


Pike predator 


All behaviour experiments were conducted at room temperature 
(19°C) in a large glass aquarium (49.5 cm x 38 cm x 121 cm) divided 
into three compartments by opaque white, removable plexiglass dividers. 
The tank was enclosed by a black plastic hood to restrict disturbance 
during observation. During experiments the room lights were off and 
the tank was illuminated by two fluorescent tubes mounted under the 
hood. Observations were made from about 0.5 m from the tank wall 
through a vertical slit, 15 cm long in a cardboard screen. Movements 
by the observer attracted a few prey fish during the initial obser- 
vations but usually the fish would appear disturbed for only a few 
seconds. The pike also oriented to the opening for brief periods 


during the second set of observations. 


The holding section (49.5 cm x 38 cm x 43 cm) of the tank 
was ungravelled and provided with a single row (4) of plastic 
aquarium plants (Myriophyllum and Ceratophy]llum) mounted on a clear 
plexiglas strip. Aeration was by two airstones and filtration by an 
outside siphon filter. An experimental section of the same size was 
provided with cover along the outside, end wall (49.5 cm). A single 
pike was resident here between behaviour experiments. A middle 
section (49.5 cm x 38 cm x 15 cm) was the holding area for the pike 
during experiments. No airstones or filters were present in the 


latter two sections of the tank. Grey pea-size aquarium grave] 
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covered the bottom of both of these sections. 


Fish of the appropriate size were removed from the flow- 
through holding tanks and scored to pelvic and dorsal morph then put 
in the holding section in groups of 20 of each morph. An acclimation 
period of one week was allowed to control for aberrant behaviour when 


the fish were confronted with the transparent glass wall. Fish were 


fed every second day on frozen brine shrimp. 


Two pike, 165 and 170 mm SL, both from the Redwater River, 


were used sequentially in the behaviour experiments. 


All behaviour experiments were conducted with five dorsal 
spined, with or without pelvic morphs in three size categories: 
smal] (20-29.9 mm), medium (30-39.9 mm) and large (40-49.9 mm). Al] 
were observed individually and pelvic morphs presented in random 


order. 


Each experimental fish eS removed from the holding section, 
measured, rescored to pelvic morph then tipped gently into the cover 
vegetation of the experimental section. The fish was allowed to 
recuperate for one hour then 15 minutes of baseline behaviour was 
recorded. At the end of this period, the divider separating the 
experimental chamber from the pike holding chamber was lifted 
by an external line. The pike usually entered the experimental 
section quickly and a further observation period was conducted. This 
lasted until the prey fish was eaten or until 15 minutes had elapsed. 
Lifting the divider caused some reaction by the prey fish but the 


effect lasted only a few seconds and appeared not to affect the outcome. 
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The following behaviours were measured for both the base- 
line and predator experiments as cumulative time on an Esterline 
Angus 20 event chart recorder (cf. Huntingford, 1973): 

a) total activity - sum of time spent active ({b to d). 

b) jerky swim - bouts of fin movement with slow forward 
movement of the body typical of undisturbed fish auaeeigatine food 
items etc. 

c) sculling - pectoral and caudal fin movements present 
but no forward movement of the body. A behaviour shown when the fish 
seems ‘unsure! or ‘appraising’ APSE ERE Yay. 

d) fast swim - bouts of lateral body flexions producing 
rapid forward motion characteristic of a disturbed or fleeing fish. 

e) frozen - no fin or body swimming activity, opercular 
and eye hogbients are present; typically shown by fish which seem 
agitated or attempting to be cryptic. This behaviour usually occurred 
with the fish resting on the bottom or in vegetation but also occur- 
red near a corner up in the water column. This behaviour is 
correlated with a change in colouration (see below) which strengthens 
the impression that it is associated with attempts at crypticity. 

f) in cover - time spent associated with the cover vege- 
tation attther below or within one standard length beside or above the 
vegetation (includes time in vegetation). 

g) in vegetation - time spent actually in contact with the 
plants usually by wedging the body between the rosettes of leaves. 

h) dorsals erect - time the dorsal spines were fully 


erect. 
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These behaviours were expressed as percentages of the total possible 


time (15 minutes in the baseline and total time of experiment in the 


predator experiment). 


During the predation experiment the following additional 
behaviours were recorded and expressed as minutes: 

i) survival time - total time the prey fish survived with 
the predator present. 

j) manipulation time - total time the predator manipulated 
captured fish before swallowing. 

k) time to first orientation - the time between lifting of 


the divider and the first orientation of the predator to the prey. 


_ A tape recording of the predation experiments provided 

jnformation about rapidly occurring, discrete events: 

1) approaches - direct movements towards the predator of 
more than 2 cm. 

m) eee - slow but purposeful direct movements of more 
than 2 cm away from the predator usually by jerky swimming. 

n) jumps - rapid escapes (fast swim) away from the 
predator. 

0) eC ene swallowing by the pike was recorded as 


head first, tail first or unknown. 


The data were analyzed as follows: 
1. The percent timed data (variables a-h) were normalized 
by the angular transformation (Rohlf and Sokal, 1969, p. 129). Timed 


data for variables (i-k) were expressed in minutes. Means and 
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standard deviations were computed (Appendix 6, Table 49). Means were 
transformed (a-h) back to percentages of real time for Table 17. 

2. A univariate factorial anova was calculated for each of 
the timed behaviours (a-h). The three factors used were pelvic morph, 
experiment type and size of prey fish. An additional two factor 
(morph and size) anova was applied to behaviours (i-k). 

3. A multivariate factor analysis was conducted on vari- 
ables b-g, m and n by morph and size. For this analysis retreats and 
jumps sare expressed as normalized percentages of the total for that 
morph. In the present case, the factor analysis was used first as 
a data reducing and variable patterning technique and second to test 
the hypothesis that, simultaneous contributions from the measured 
variables might result in a between morph difference in behaviour 
which would account for the observed differential predation by pike 
(see laboratory predation experiments). 

4. Between morph or within morph size differences in 
behaviours 1l-o were tested by normal, row X column chi-square with 


Yates' correction for continuity applied as necessary. 


Chi-square values were calculated for goodness of fit to 
the expected frequencies. Descriptive statistics (mean and standard 
deviation), factorial anovas and the factor analysis were calculated 
by the University of Alberta computer using the Statistical Package 
for the Social Sciences (SPSS) program. The subprograms used were, 
respectively, Condescriptive, Anova and Factor (Nie et al. 1975). 
For Anova, the classical method of dealing with unequal cell fre- 


quencies was used. For Factor, the principal components method 
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without iteration (PA1) was used, followed by Varimax rotation. 


Dytiscid Predator 


The only standardized behaviour experiments conducted with 
invertebrate predators were done using dytiscid larvae. The experi- 
ments were conducted in a glass aquarium (30 cm x 30 cm x 60 cm) at 
room temperature (21°C), Oyster shell gravel covered the tank bottom 
and aeration was by two small bubble-up charcoal filters in the tank 
corners. Six artificial plants (Myriophyllum and Ceratophyllum) were 
placed in half (either left or right) of the tank. I1]lumination was 


by a single 15 watt fluorescent tube. 


Three fish of each morph were measured (SL) then gently 
placed in the tank. An acclimation period of 2-3 hours was allowed 
then three dytiscid larvae were added to the tank. After five minutes 
(during which time the behaviour of the prey fish appeared to return 
to normal), a one-half hour observation period was conducted. The 
next morning (15 hours later) a second one-half hour observation 
period was carried out. The observer sat in a darkened room about 
one m from the tank. Five replicates of each experiment using small, 
five dorsal spined fish were conducted. The following behaviours 
were recorded: numbers of approaches by each morph and the closest 
distance of each approach (measured as SL units and converted to linear 
units). Morphs were differentiated by clipping the dorsal fins of 


One or the other alternately in the experiments. 


Row by column chi-square was calculated for the approaches 


by the morphs. An unpaired t value was computed for mean distance 
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then tested for significance from tabled values in Rohlf and Sokal 


(1969, p. 159). 
Results 


Stickleback Behaviour when Confronted with a Predator 


Culaea's first reaction to a pike predator was cessation of 
normal activity then sinking in the water and quiet sculling. During 
this period the normal pale, uniform colouration of the fish became 
broken up by dark saddles of pigment alternating with pale patches. 
This enhancement of contrast resulted in the fish being more cryptic 
against the appropriate background (vegetation or detritus). Fish 
on a grey gravel background became more difficult for a human 
observer to see. Sudden movements or orientations by the pike at 
this point resulted in the stickleback seeking cover usually by a 
rapid jump. When entering cover the fish either hid behind or 
under stalks of vegetation or actually inserted itself between rosettes 
of leaflets of several stalks. Once in cover the fish froze, 
and used only small eye movements to keep the predator in sight and 
restricted opercular movements. If the predator was observed while 
the prey fish was far from cover, it would also freeze on the spot, 
either on the bottom or in a corner up in the water column. If the 


predator came very close during this frozen period the opercular and 


eye movements may be completely halted. Such freezing was maintained 
for long periods of time especially if the pike was close and orient- 
ed to the prey. This freezing behaviour was adaptive in that, even 

‘ if the pike was oriented to the prey, it would eventually lose 
interest and turn away if no movement to stimulate the lunge was 
forth-coming. The frozen behaviour was often maintained as long as 
the pike was in view. Spine erection in this population of Culaea 
when the predator was near was restricted to dorsal spines only 

(with morphs included). The range of behaviour in Culaea varied 
greatly with the individual (a function of past experience?) as well 
as with the age of the fish. Small Culaea seemed not to recognize 
the potential danger of the pike and sometimes approached to within 
one or two centimeters then, if they had not been eaten, backed 

away (retreated) slowly. Small sticklebacks often showed ignoring 
behaviour during which they carried on their normal activities 


totally oblivious to the pike. 


The above description applies to sticklebacks confronted 
with a predator much larger than themselves and of obvious potential 
danger. Culaea did not recognize the invertebrates as potential 
predators and readily approached any movement by objects of a similar 
or smaller size than itself. The stickleback would swim jerkily to- 
ward the object that moved to within a few centimeters, hesitate then 
back away. Objects which continued to move were followed for a few 
centimeters then ignored. Attempts at contact by the stickleback 
such as nipping of projections or prominences might be made. Objects 


which moved after being investigated were re-investigated. If the 
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object is large (such as Lethocerus) the approach was made with 
dorsal spines erect (pelvics not erect in with morphs). Immobile 
objects, even if in clear view were not investigated until they 
moved; however, sticklebacks would swim very close to them (e.g. 
between the outstretched forelegs of Lethocerus). Capture of one 
individual by an invertebrate predator induced conspecifics who wit- 
nessed the capture to avoid that predator for some time after the 
attack but this response eventually waned. The behaviour seemed 


consistent with all ages but this was not rigorously investigated. 


Culaea reacts in the nee gasterosteid fashion once 
captured by a predator - erection and locking of all spines (pelvics 
also in with nprihe) occurred and the body was held rigid. Attempts at 
wrenching the body free may be made especially if the predator was an 
invertebrate but these were usually unsuccessful. With morphs probably 


had a slight advantage due to their extra spines during manipu- 


lation and swallowing by pike (see predation experiments section). 


Pike Experiments 


Three comparisons of timed behaviour are possible: between 
morph, within morph between experiment type (effect of the predator) 
and across the size categories. Means of timed behaviours are given 


in Table 17 and Figures 2 and 3. 


No triple factor interaction (Table 18) is significant. 
Morph by size interaction for the variables cover and survival time 
is significant and the experiment type by size interaction for the 


variables total activity and cover approach significance at p = 0.05. 
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Time spent by pelvic morphs, withs and 
withouts, in various behaviours. S = 
small, M = medium, L = large size of 
prey; veg. = vegetation. 
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Figure 3: Behaviour of Culaea during pike predation. 
Min. = time in minutes; S = small prey size, 
M = medium size and L = large size. 
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All other two-way interactions are non-significant. No significant 
difference between the pelvic morphs (main effect) exists in any of 
the timed behaviours. It is clear that virtually all the variation 


in the data is due to the main effects of experiment type and size. 


Both morphs of all Size groups show very significant changes 
in all behaviours, except scull and fast swim, between experiment 
types (Table 18). The addition of the predator caused a decrease in 
total activity especially jerky swimming and a corresponding increase 
in time frozen, time in cover and vegetation, and time with the dorsal 
spines erect. These changes in the mean time usually were quite 
large except in the small size category where they may even be re- 


versed (Table 17 and Figure 2). 


The change of behaviour with size is more complicated. 
Activity variables (total activity, jerky, scull or fast) for both 
morphs in both experiment types either decrease with increasing size 
or are the lowest in the medium size group (Figure 2). Time spent in. 
behaviours associated with hiding or defence (frozen, cover, vege- 
tation and dorsals) generally increase with size or more often peak 
in the medium size category. These effects when noted are more 
pronounced in the with morph and in the predation experiments but all 


are significant at p = 0.05 or closely approach it (Table hoy. 


Behaviours associated with the predator presence show 
similar trends (Table 17 and Figure 3). Survival time and time to 
first orientation peaks for the medium size group. Manipulation time 


shows a steady increase with size. 
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The only discrete behaviour (Table 19) which shows a sig- 
nificant difference between morphs was that large withouts jump more 
often than withs. Small and medium fish jump about the same number 
of times and withs jump slightly farther than withouts. Small withs 
and withouts approached the pike equally often, medium fish never 
approached and large withouts approached several times from behind 
vegetation but this difference is not significant. Overall, withouts 
tend to retreat more often but this is not significant for any size 


group. Both morphs retreat about the same distance. 


The factor analysis of all behaviours which may be important 
during predation, and subsequent simplifications, have reduced the 
results to five underlying factors which account for 73.1% of the 
total aence in the data. The absolute value of the variable load- 
ing iS a measure of the input of that variable to the underlying 
factor; thus a high loading, either positive or negative, implies a 
large contribution by that variable. Variable loadings also represent 
correlations between variables thus high loadings on the same factor 
by two or more variables implies a good correlation (either positive 
or negative) between variables. A fuller description of the methods 


and interpretations of factor analysis data is given in Appendix 6. 


Factor 1 (Table 20) has large positive loadings for size, 
frozen, cover and vegetation and a negative loading for fast swimming. 
Factor 2 has a high positive loading for frozen and large negative 
loading for sculling. Factor 3 is an underlying behaviour axis 
positively loaded for jerky swimming and retreat and negatively for 


frozen. Factor 4 is highly loaded for jumps and negatively for 
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Table 19: DVT Nene nes in morphs in discrete behaviours. Goodness 
OMGhIE SK etoea sO 256.20 {50 cor 20123320 233.0 3expectattion: 
w = with morph, w/o = without morph. 
Prey Mean < between ie within 
Fish Distance morph (with- morph (by 
Behaviour Size Morph # (cm) in«size') size) 
Approaches smal] W 3 4 
w/o 2 0.00, 
medium  w 0 = 
w/o 0 - 0.00 
large W 0 2 
w/0 4 5 2.26, 
al] W 3 4 metis) 
w/o 6 4 0.44 Cpe 
Jumps smal] W 6 34 
ie w/o 23 0.28 
medium Ww 16 23 
w/0 al 20 0.92 
large W fe 35 
w/0 20 35 6.2052 
all W 29 ot 6.23" 
w/0 39 26 1. 46 Sythe }e ks 
Retreats smal] wW Z it 
w/0 Z 5 0.00 
medium WwW 0 - 
w/o 0 - 0.00 
large W 0 ss 
w/o 5 18 3.20, 
all | W 2 11 1.09, 
w/0 7 12 ibs Vs S253 
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Table 20: Varimax rotated factor matrix on behaviour data from pike 
predation experiments (from Appendix 6, Table 54; final 
solution, second simplication = rounded off to nearest 0.01 
and loadings less than 0.3 absolute value are deleted). 


Variable ] 
Morph 

Size 0.67 
Jerky 

Scull 

Fast -0.72 
Frozen 0.41 
In cover G92 
In vegetation 0.45 
Retreat 

Jumps 


% of original variance BLOT 


=0.97 
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vegetation. The.final factor is heavily loaded for morph differences 
but it accounts for the least amount of total variance. The relative 
importance of a factor is given by the proportion of total variance 
for which that factor accounts (Table 20). The importance of these 


$octonsers Givensbyatheir onder, b>2>3>4>5. 


After capture, the direction of swallowing of each morph 
does not vary (Table 21) for any size group. However, significantly 


more large fish of each morph are swallowed head first. 


Dytiscid Experiments 


Neither morph (Table 22) approaches the dytiscid predator 
more often (initially withs approach more, later withouts approach 
more but this is non-significant in both cases). However, for the 
73 approaches in which the closest distance between stickleback and 
dytiscid was noted it is clear that withs approach significantly 
closer (Table 23) thus placing themselves in a more vulnerable 


position with respect to potential predation. 
Discussion 


The Defences of Sticklebacks 


Edmunds (1974, p. xiv) takes a holistic approach to animal 
defence since "most prey species have a variety of predators and most 
predators can eat a variety of prey species, so the defensive adapta- 
tions of animals are usually directed at several different predators." 
He further defines defensive adaptations as those which reduce (but 


not necessarily eliminate) the chances of a successful attack by 
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Table 21: Direction of swallowing of pelvic morphs. Goodness of 
fit X2 to 0.50:0.50 or 0.33:0.33:0.33; abbreviations as 


in Table 19. 
Prey x2 between e within 
Direction Fish Pelvic morph (with- morph (by 
Swal lowed Size Morph # in size) size) 
Head first smal] W 6 
w/0 | 0.08 
medium W 0 
w/o 2 0.50, 
large W 6 
w/0 9 0.60 
all W 12 4.18% 
w/o 18 1.20 4, 34* 
Petit st smal] W 6 
w/o 4 0.40 
medium W ) 4 
w/0 7 0.82 
large W 4 
w/0 1 0.80, 
all W 14 0.59 
w/O 12 Oath 3.13, 
Unknown smal] W 0 
w/0 0 
medium W 1 
w/0 1 
large W 2 
w/0O 1 


ici WoC ie 


i vl Hi, vi ig 
i ; no Di 


r ay j leans ae i 


Me) Ly 


uN x i 


AO, eae 
er 
Efi. f 
i fy 
t oe 
; f j a : ‘ yi Ay 
j ; bay Wan iy 4 i if . 
Nr, ) dy lhe i ee.) hay ay 
Lay TAREE i Ri Px) a 
i a i 7 ( ; ra 


) on 


a 


64 


Table 22: Approaches of sticklebacks to Dytiscid predators. 


ee 
ee 


# of 


Experiment Type Morph Approaches x2 
(b) Immediate Observation with 37 
without (as (ean Ye 
(c) Observation after with 10 
be guns without 16 1.89 
Both with 47 


wi thout 4} 0.20 


Table 23: Closest distances approached to Dytiscid predators. 


Distance Approached (cm) 


Morph eure ale) tens ee Om mEOeO) Oso a. Oe Sedeeh 5.0 
with ji 6 18 1 9 
without 3 14 10 4 i 


Approach Distance 


Morph # Mean Sy, Var. 
with 4] 1.99 0.6660 0.4436 
without Sy Bele 0.8774 0.7699 


t = 3.336*** (0.001<p<0.005 at 71 df) 
S.D. = standard deviation, var. - variance = (standard dev tenon) 
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another animal. 


Anti-predator defences may be divided into two types 
(Edmunds, 1974). Primary defences operate regardless of whether or 
not a predator is in the vicinity and function to decrease the chances 
of encounter with the predator, for example, aposematism and crypsis. 
Secondary defences function to increase a prey animal's chances of 
escape when it encounters a predator. Usually the first response of 
te prey is an exaggeration of a primary defence, especially if the 
prey detects the predator first (e.g. enhancement of cryptic colour- 
ation). Next an assessment of the situation usually occurs during 
which a course of action is decided upon. Such a course depends upon 
the predator, its proximity and the position in the predatory 
Sequence. The resulting action may be either slow controlled movement 
away Or protean defensive flight if the predator is pursuing. The 
flight sequence often leads the prey to cover, where it may remain 
depending upon crypsis, or to a diematic behaviour such as threat 
display. Prey reaction to capture may be thanatosis (death 
feigning), deflection of attack, or retaliation by the prey's defensive 
mechanisms. Prey organisms usually have more than one method of 
defence at their disposal and any single structure or behaviour may 


accomplish several tasks (Edmunds, 1974). 


The behavioural defensive repetoire of Gasterosteus 
aculeatus has been documented by several workers (Benzie, 1965; 
Hoogland et al., 1957) and summarized by Wootton (1976). This work 
is presented in Figure 4 in the general framework of Edmunds! (1974) 


description. The present work on Culaea was fitted into this 
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Figure 4: 


Stickleback behaviour when confronted with 

a piscivorous predator. -——» Gasterosteus 
aculeatus; after Benzie, 1965; Hoogland et 
al., 1957; Wootton, 1976. ---» Culaea 
inconstans, present study: <==» both 
species. A, increasing frequency of fin 
beats and opercular movements. B, increasing 
tendency for dorsal spine erection. C, 
increasing proximity of the predator. 
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description where relevant. 


Culaea behaves similarly to Gasterosteus but with some 
important exceptions, notably, the colour change and the increased 
tendency to show eScape or avoidance rather than investigative 
(approach) behaviour. These behavioural differences agree well with 
the established information about Culaea, that is, it "is a skittish, 
shy fish compared with Gasterosteus or even Pungitius." (Wootton, 
19/6240 2293). 


The long, stout spines of Gasterosteus are broken by 
piscivorous predators before the fish is swallowed, usually by spit- 
ting the fish out then sucking it back in (Moodie et al., 1973; 

T. E. Reimchen, pers. comm.) - a situation which provides ample 
opportunity for escape. The weak spines and unprotected body of 
Culaea suggest that once it is captured it is easily swallowed by 
predators much larger than itself and rarely escapes. Laboratory 
data and field work substantiates this: of over one hundred pike 
predations observed in the lab no fish escaped once it had been held 
in the pike's jaws however several fish escaped by eluding the pike's 
lunge; and only one of several thousand lake fish examined shows 


predation marks (but see predation experiments section). 


Culaea's spines seem especially ineffective against a large 
predator such as a pike which mouths its prey. Its spines serve no 
function against invertebrate predators. Hence, the optimal defence for 
Culaea seems to be one of avoiding the predatory situation as much as 


possible by behavioural means. 
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Pike Experiments . 


The change in behaviour of sticklebacks upon introduction 
of a pike has obvious adaptive value since pike orient to and stalk 
moving prey items. The prey fish of both morphs are aware of 
the potential danger the pike represents so they all respond by 
making themselves less available or obvious by decreasing movements, 
increasing crypticity and association with cover vegetation. The 
turning away of the predator from an immobile stickleback and the 
interference of cover vegetation (predation experiments section and 


Christiansen, 1976) point out the value of these behaviours. 


Similar behaviour changes with increasing size and the 
seeming ignorance by small prey of the danger that a pike represents 
may reflect a learning process by the prey or it may be a response to 
different selective pressures operating at different times in the 
stickleback's life. Small prey items are less preferred by pike (see 
stomach section). It is unclear why the most adaptive (in the present 
frame of reference) behaviours are shown by the medium size group of 
sticklebacks. This may be a reflection of the intensity of selection 
upon the medium size group. Small prey are more subject to inverte- 
brate predation, large prey more to pike predation but medium size 
sSticklebacks may be subject to both types of predators so their 
defensive behaviour is expressed to a greater degree. Other expla- 
nations are possible; for example, small prey may be below a size 
threshold for inducing attack by pike and large prey may be too rare 
or too difficult to capture due to better developed avoidance 


behaviour. 
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Both pelvic morphs respond to the pike's presence in 
similar ways. The more retreats and jumps by withouts, although not 
necessarily adaptive in a confined, experimental environment most 
eepeathiy are in the lake situation, especially considering that the 


predator has many other prey items to distract him. 


Huntingford (1973, 1976) adequately points out that the 

- factors derived by factor analysis do not indicate the existance of 
underlying biological entities nor does the variable correlation 
reflect a common internal cause. However, factors with high loadings 
for a number of variables which on independent evidence are believed 


related may be tentatively labelled as biological entities. 


For these data, Factor 1 with high positive loadings for 
size, frozen, cover and vegetation and a negative loading for fast 
swim would indicate an axis of escape from a predatory situation by 
not creating a stimulus for orientation or attack by the pike. 
Intuitively, given that the pike is primarily a visual predator and 
that sticklebacks in Wakomao Lake will be eaten, the best defence for 
both morphs is crypticity (immobi1i ty in cover vegetation). The 
loading for size would indicate that this tendency increases with 
size (age?) and may reflect a greater awareness of the pike's 
potential danger as a predator from an evolutionary sense (behavioural 
adaptation to different selective pressures). This increased tendency 
for cryptic behaviour may also be a learned effect expressed as fish 
grow older. Factor 2 also loads in this direction. Together these 


account for 41.7% of the total variance indicating the heavy reliance 


of the sticklebacks upon this method for escape from predation. 
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Active escape, either by slow retreat (Factor 3) or fast jumps 

(Factor 4) accounts for 21.4% of the total variance. The difference 
between these two percentages reflects the evolutionary significance 
(and relative success) of these methods of escape. That is, Culaea 
is a shy, retiring fish relying more on behavioural than morphological 


adaptations to minimize predation (Wootton, 1976). 


Factor 5 is the underlying axis concerned with morph 
variability. Since it accounts for 9.99% of the total variance, the 
conclusion is that overall there is no large behavioural difference 
between morphs with respect to a pike predation situation, that occurs 
in a confined, experimental setup. In these experiments, the 
relative morphological advantage of either pelvic morph seems to be 
overshadowed by the behavioural advantage. Even though most observed 
differences in behaviour were statistically non-significant they 
nevertheless probably are biologically meaningful in that they 
contribute to some differential morph survivability (withouts survive 


more in situations involving pike predators). 


Intraspecific comparison of populations responding to 
different selective pressures has yielded valuable insights into the 
role of behaviour in anti-predator defence (Liley and Seghers, 1975; 
Seghers, 1974a,b). A similar comparative study on Culaea populations 
representing the spectrum between both monomorphic extremes (100% 
withs and 100% withouts) could yield similar comparative information 


of value in elucidating the effects of different predatory regimes. 


The effect of larger prey size on the pike predator, may 


be seen in the direction of swallowing and manipulation time (see 
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also predation experiments). As the prey fish of both morphs 
approach or exceed the minimum critical TBD the pike in these experi- 
ments can handle (see Appendix 5), more manipulation time is required 
to turn the prey items head first for swallowing. The absolute 
(significant) difference in the means of manipulation time is smal] 
but not all prey fish require turning before swallowing. The greater 
manipulation time and turning of the prey allows for a greater chance 
of escape by large fish which eee well with the observed trend in 


the laboratory predation experiments . 


Dytiscid Experiments 


Dytiscids were characterized as ambush-lunge predators 
making short (up to 2 cm) grabs at prey items which venture too close. 
The difference in approach distance by the pelvic morphs clearly puts 
the with morph at a disadvantage with respect to the without morph, 
Since the success rate of dytiscids is likely to be area upon 


prey which approaches closer. 


Subtle behavioural differences between morphs such as that 
shown during dytiscid predation may be expected to be very important 
during insect predation. The problem of recognition and experimental 
pursuit of such minute differences is obvious. Ina similar sense, 
minute ecological differences not investigated Such as microdistri- 
bution of morphs within and out of vegetation beds in the ‘fale 
situation may be the determining factors for selective predation by 
the insect predators in the wild. Despite the gross indication that 


morph distribution is homogeneous, subtle influences on morph 
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availability to the predators will greatly affect predation in the 


lake. 


In summary, with respect to both pike and dytiscid 
predators, the without morphs have slight behavioural advantages 
relative to the with morphs. These behavioural differences support 
the postulations of the laboratory predation experiments section, that 
is, withs are selectively preyed upon by dytiscids and pike 
(especially if despined in the latter case). However, considerable 
jndividual variation in behaviour and the specifics of each predatory 


Situation confounds the expected outcome of predation events. 
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FIELD COLLECTION OF PIKE STOMACHS 


Methods 


A gillnetting program was conducted on the southeast portion 
of Wakomao Lake (Appendix 1, Figure 7) to ascertain the direction and 
degree of any selective predation which wild northern pike may show 
for the pelvic morphs or dorsal spine classes. Gillnets of a variety 
of mesh sizes (38, 52, 76, 89 mm stretched mesh) were set in and 
around aquatic macrophyte beds usually from early or mid-morning until 
noon. Standard length was taken, then stomachs were removed and 


preserved in 10% formalin. 


Fish prey items in the stomach contents were analyzed and 
scored as to frequency of occurrence. Seven categories of stickleback 
prey were established: unidentified Culaea, unidentified withs, 
unidentified intermediates, unidentified withouts, withs, intermedi- 
ates and withouts. The latter three were the only confirmed morphs, 
Since to be included here the visceral cavity and one pectoral fin 
had to be virtually intact. Individuals not meeting these criteria 
were classed as closely as possible to the unidentified groups. 
Statistical comparison of pelvic morphs involved only these confirmed 
groups. The prey sticklebacks, when possible, were also scored to 
dorsal spine category and standard lengths were taken. These 'prey' 
population parameters were then compared to the same parameters 


taken from a sample from the lake. 


The prey stickleback population from 40 pike, netted 


between 5 August and 18 August, 1976 was compared to a dipnet sample 


74 


4 i i 
i oe et 


RU ee Lie ih meet 
iW i nr 
| j f} vy r ' Bf i my 
sa ; : a Hy Th vt) 
| Cnet | HIRT SE 
' Ae eS ML tse aah | I WE type 
wt Ove NL a EAN FP ian wi 
ert (ey: eo TA ub pil Ar 
ARN f Pe ie i uh, 7 a ea { 
RR i aa a aw 46 iN oa iS oy " | 
it : vault pal i in ah q iy i hte a 
gent ar aMstal ia “e \; ih Am yy * is 
re PUR anne Sa ea 
rudy { { ve vi be t ‘) Oy 7s et 
ean i Me 
Wi ee AO a 
i) | 
‘i i ne q 
| . | ; ¥ at ) a 
titty one al: rei ear pea “pe dull ee 
i oa WAN Al i i \ adh y 
‘| i Wi Lay) , Ls wie Lh ‘ " : 
" Hi ' i Cy } 40) a aie vis i ya . e' retnuel ; Al of pe y A 
ied tA ea oul i , ue ih 
te hie i "g lh ite tab de i Ri wy | 
\ he rey vend iy i 4 | . Ih, iE sa bs + i dbl ae 
Lien ba Tes a ea ay 
er ek ee eet rey os ‘Fysiede ti Ne on 
’ an wend eo Gel Ne xe dhs hnohui iy ; MT me 
i i te My ai Ny if ho | 
i iy ane F ; . Al" Wie wa et 
Pema yeni. Cem), eae a Abies Biny edt} oT. y ae i ; 
it Mh PO ee } Ve Se Ay La i ) ps di vi 
; ae Dac : Patt Me eh ge 5) ne ny a 
Tt. Tew oecedy age be) eae en biy mvadete ‘ond seal ‘bab whe: at 
i ; ia nig. g v ‘ Lad mt pit pte ie cae 
i rf o ink \ f , i rai 
eer woptt april if, ta ® etquulvibrd hos /aeaesabe ae 
; , Mn): i Pi py, vey Mit (ON. Nah pots ie un a a i 
det i ‘. hie ‘ ot ne , Sy ms 
HES OEE nti nits nh | He a alae ep 
‘le METS | Smit)! he h beylgat 
J i reas I ae y , 
A bob i To. i r iy 
et Yee as hee 
i Mi i ¥ y 
ney, | . fain bbe de 
‘i aT \ rN P hy t i | 
yy iv ‘neal hy { f im Dry i 
i i i i \ 4 ya oh Saal i iv ; ‘ne : Ln ’ ‘ 
i ri } i Ase a) pn io mn ‘tod 9 am i Tae 
Wr wnt / ‘s , A ae ve i Nae Hey ) y : 


nee i 
re | A 
$k ee 


a Nie 


| a9 mw | 


je 


of lake stickleback taken on 18 August, 1976. 


During 1977, 121 pike were collected from 20 July to 
19 August and the prey sticklebacks compared to a composite dipnet 
sample taken in four subsamples spanning the stomach collection 


period (July 20, 28; August 11, 18). 


Stomach and lake Culaea samples were compared statistically 
as follows. Pelvic morph and dorsal spine frequencies were compared 
by goodness of fit chi-square with expected frequencies derived by: 


# of that morph in lake sample 
total in the lake sample 


torah Culvaea in stomachs. 


A value for electivity (E) for each morph was obtained using the 
formula (Ivlev, 1961): 


ae Sabi where 5 = percent representation of 


S b ; : 
item in stomach, and 


om 
i 


percent representation of 
item in lake. 


This indexranges from -1 (complete avoidance of the item), through 

0 (no selectivity) to +1 (complete selectivity for the item). Since 
the index represents only relative values for the particular food 
items only comparisons between morphs are valid. Pelvic morph fre- 
quencies in pike stomachs were divided into small (< 29.9 mm SL), 
medium (30-39.9 mm SL) and large (>40 mm) groups and these compared 
to lake morph frequency of corresponding size groups. In all cases 
minimal statistical significance was taken as p = 0.05 from tabled 


values. 


Additionally, the standard lengths of the prey (confirmed 


and unconfirmed prey fish) and representative lake samples were 
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grouped into 5 mm categories and plotted as relative (percent) fre- 
quency histograms. Statistical comparison was by the Kolmogorov- 
Smirnov test for goodness of fit (Sokal and Rohlf, 1969, p. 573) of 
the stomach sample to the expected lake sample frequency. Minimal 
statistical significance was conservatively taken as p = 0.01 from 


values in Rohlf and Sokal (1969, p. 249). 


Results 


Table 24 compares pelvic morph frequencies (all lengths 
combined) from pike stomachs to those observed in the lake collec- 
tions. For both sampling years combined there is a significant 
difference in morph frequency. With morphs are over represented, 
intermediate morphs equally represented and without morphs under 
represented in the pike stomachs. This trend is observable in each 
year except for variation in the intermediates in the stomachs (fewer 
than expected in 1976, more than expected in 1977). Comparison of 
electivity indices indicates slight positive consumption of with and 
intermediate morphs and strong negative consumption of the withouts. 
That is, the observed frequencies are due primarily to a paucity of 
without morphs in the pike stomachs rather than an excess of withs or 


intermediates. 


It is evident from Table 25 that the difference in morph 
frequency between the stomach and lake samples is due primarily to 
differential predation upon the small and large size groups. High 
negative electivity indices indicates the withouts, as before, are 


preyed upon much less than expected, especially in the large size 
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Table 24: Pelvic morph frequencies in pike stomachs compared to 
frequencies in the Jake. 


Frequency In Frequency In Electivity 


Year Morph Lake (%) Stomachs (%) Index 
1976 with 324 (67.9) 60 (83.3) +0.102 
intermediate 42 (8.8) 4 (5.6) -0.173 
without LP 2333) 8 (11.1) -0.355 
Total 477 72 
x* = 7.97 (0.01<p<0.025) 
1977 with 520 (72.7) 40 (75.5) +0.019 
intermediate 44 (6.1) 6, (4123) +0.308 
without 152. 421322) P4327) -0.228 
Total kee 53 | 
x = 3.94 (p < 0.1) 
Both wi th 844 (70.7) 100 (80.0) +0.062 
intermediate Bo (Fo2) 10 (8.0) 702053 
without 263: (22-1) 15 (12.0) -0.296 
Total 1193 125 


x* = 7.36 (p < 0.025) 


1. Composite of four samples; 77-14-a, 77-16, 77-19-i, 77-20-f. 
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Table 25: Pelvic morph frequency in stomachs and lake samples for 
each size group of Culaea (both years combined). 


a a 
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eeAKe oaupLe a: Stomach Sample 

Mean Mean 
Pelvic SL sik Electivity 
Morph (mm) Frequency % (mn) Frequency 4% Index 
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Smal} (15-29.9 mm) 


with Go REED OT 7Wele 2497 51 S326 +0.081 
intermediate 23.7 51 OGeamecdas 2 03.3 -0.305 
without Conor tealol Clie OCS 8 iol -0. 268 
Total 825 61 


x2 = 4.61 (P= 0.1) 


Medium (30-39.9 mm) 


with S45) 60227 LUE USO NS 28 7728 +0.045 
intermediate 34.6 29 Chea a see 4 pio 2099 
wi thout 330 63 SEA Tk Wagsicesle 4 eal -0.279 
Total o19 36 


ee t0 rs) 


Large (40+ mm) 


with 44.2 30 Sp PAK ka ks 20 74.1 +0.095 
intermediate 44.8 6 2.2 “4654 4 14.8 +0.096 
without 43.0 1 VAC NS 7 3 1a -0.409 
Total 49 Zi 
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category. 


Two distinct size (length) groups of pike were taken, 
Table 26 compares the observed pelvic morph frequencies in small (18- 
27 cm SL, young-of-the-year?) and large (31-64 cm SL, older than one 
year) pike. Although smal] sample sizes make statistical comparison 
tenuous it is clear that morph selectivity does not depend upon size 


of predator, at least in this size range (18-64 cm). 


The frequency of dorsal spine classes (Table 27) in pike 


stomachs is not different from that observed in the lake. 


Figure 5 shows the standard Jength (SL) of prey and lake 
sticklebacks for 1976 and 1977 samples combined. For each morph, as 
well as all morphs combined, there is statistically significant more 
predation upon the larger size groups of Culaea. In some cases, 
predation occurs on individuals larger than those observed in the 
shoreline comparison collections. The same trends are seen in the 


data for each year individually (Appendix 7, Table 58). 


Figure 6 compares the distribution of prey lengths in small 
and large pike predators for 1976 and 1977 combined. There is a just 
significant (p = 0.01) difference arising primarily from the differ- 
ence in the 20-24 mm length class and a slight bimodality in the prey 


lengths from large pike. 


In addition to noted trends of prey consumption, qualitative 


information on pike predation in Wakomao Lake was obtained. 
Sticklebacks comprised 98.1% and 53.8%, respectively for 1976 and 


1977, of the identifiable prey items despite the abundance of fathead 
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Table 26: Pelvic morph frequencies jin small and large pike 


predators. 
# In Small Pike # In Large Pike 
Year Morph (18-27 cm SL) (31-64 cm SL) 
1976 with 58 7 
intermediate 0 
without 8 0 
N of pike 38 Z 
1977, with iZ 28 
intermediate Z 
~ without 1 6 
N of pike 26 95 
Both with 70 30 
intermediate 6 4 
without 9 6 
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Table 27: Dorsal spine frequencies in pike stomachs compared to 
frequencies in the lake. 


a 


# of Frequency In Frequency In Electivity 
Year Dorsals Lake (%) Stomach (%) Index 
1976 4 LOR (2a) TeG195) -0.167 
5 PL Os 50 (74.6) tOe017 
6 Va CASALE) 16 23..9) ; -0.034 
Tota} 477 67 
x* = 0.25 (p= 0.9) 
1977 4 TOS(27.9 ) 0 (0.0) -1.000 
Sm 219 (64.2) 34 (68.0) +0.029 
6 112 (3228)5 1643200) -0.012 
Total 34] 50 , 
eS (eas) 
Both 4 20284) iP deme) -0.500 
5 563 (68.8) ST AS) +0302) 
6 234 (28.6) Seale yne) -0.021 
Total 818 iy, 
7a 
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Figure 5: Standard length distribution of prey and 
Take sticklebacks. Relative frequency of 
1976 and 1977 samples combined, D 01 OFt6L, 
identified and unidentified morph: 
combined. 


Standard Length Standard Length 
Ss aOUD RS 7 _ Range (mm) 


HSE 
20-24. 
2029. 
30-34. 
Seka sek 
40-44. 
45-49, 
50-54. 
55-59: 
60+ 


OWOOnNDAOHPWNHME 
WOWMWWWW WOW WHO 


y 30 
in 20 
stomachs 


10 


All morphs 


Intermediate morph 


Dobs=0.439 
¥ 30 N= 11 
in 26 
stomachs 

10 

0 
% 10 
= 2220 
lake 

30 


123456789 0 
Standard Length Group 


Sy maaan ae ad 


Dobs=0.275 
N= 150 


With morph 


Without morph 


Dobs=0.562 
N=32 


| ane Tn ieee mera Carcerea ee rig [eraaeaate fais fear Magee oeky peamamees | 


meee Oe Ono nU 
Standard Length Group 


AM 


¢ ape err ty 5 i 
yi BOY (MONON a Liat Tape 
a epee ave Sy One maaan sd stay rarele 
; ‘i WaT A Rai yk rere 
hy a ’ iT au | ‘e 
i ml) 
iy 
f 
i 
\ 
j hth Mh ‘py 
Fag 
a 
ae ant ae 
‘ 1 ae 
au i) ap 
(ah Pn th niles hl 
aie) WOR? 
cheat 
Hi ii AA Livny ca 
A a ene hy 
' 
ny anit 
¢ | ‘ 
’ Ay i‘ HY 
AS inion Fat 
R val aan 


by | 


‘ AWTS UE D Rt } 
iy iy t's A Ta we Geta i | ¥ 
ry a. Nt Me oi Mave eal ean 
i : / : Vi ee oy he ey lay af 
Hy} yl i ‘ Mi ya an i} ; Dae Hi st Dy 


Ni my 


i 
hi 


84 


90 Dobs .=0.165 
yA 0) 
N= 54 
small 40 
pike 
0 
ean 
large 18 
N139 
pike 26 


Wo 2 ae oe Oy Ol O10) 
Standard Length Group 


Figure 6: Distribution of prey items in small and large 
pike predators. 1976 and 1977 identified and 
unidentified morphs combined. Abbreviations 
and standard length groups are defined in 
Figure 5. 
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minnows during the sampling periods. The much lower percentage for 
1977 is partially due to increased representation of invertebrate 
prey items (21.2%) and fatheads (9.4%) in small pike (only two small 
pike were taken in 1976, both contained stickleback prey only). 

Large pike prey little on invertebrates (0.4%) and fatheads (0%). 
Large pike are more liable to be empty (50%) than small pike (14.7%) 
but large pike contain on average more prey fish (88 fish/13 pike = 
6.3) than.small, pike) (243, fish/8i pike:=.3.0),,(1977.data only). Pike 
which had fish in their guts averaged 8.2 and 2.4 Culaea prey items 
per pike, respectively for 1976 and 1977. This times a conservative 
summer digestion rate of two days (J. Diana, pers. comm.) indicates 
that over the sunmer study period (June-September) each pike in 
Wakomao Lake would eat a minimum of 5.3 x ue = 318 sticklebacks:. 
This figure times 161 pike collected gives a minimum stickleback con- 
sumption of 51,200 for just the summer period for. the pike collected. 
These figures represent minimal estimates since unidentified prey 


fish nor fragments of prey fish were not counted. 


Discussion 


From the crude estimates made above and considering that 
‘pike density in Wakomao Lake is relatively high (no diminishing gill- 
net returns were noted), it is clear that pike maintain considerable 


predation pressure upon the Wakomao Lake stickleback population. 


Iviev (1961) has pointed out that selection of prey items 
depends upon two major factors: preference of the predator and 


accessibility of the prey. These in turn may be subdivided further 


if 
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into several components. Preference is determined by physiological 
properties such as degree of satiation, innate inclination and past 
experience (learning or conditioning) and is strictly a predator 
phenomenon. Accessibility includes aspects of the biology of both 
the predator and the prey such as their relative abundance, size, 
spatial distribution and predatory or defensive behaviour (Ivlev, 
1961). Any single predatory situation involves all these parameters 
thus the outcome is likely to vary with any alteration of these 


factors. 


The pike's preference for either pelvic morph is the same 
when the predator is larger than about five times the stickleback's 
size, that is, no change in morph selectivity was noted over the size 
range of Hike collected (18-64 cm SL). Thus, the factor accounting 
for the differential morph representation in the pike stomachs must 
be due to differential accessibility of the pelvic morphs, most 


likely due to the behavioural differences Shown previous ly. 


The attempts by pike to select as large a prey item as 
possible are expected since the optimal prey size (1/2 to 1/3 the 
length of the predator), (Scott and Crossman, 1973) is far greater 
than the maxinium size of the sticklebacks. Ivlev (1961) has experi- 
mentally shown that pike prefer the largest prey items. it is possible 
for them to ingest. This would also be expected from an energetics 
point of view. Such size selection would create a selective pressure 
favouring reproduction at smaller size (or earlier ages). A similar 
situation exists in Gasterosteus aculeatus (McPhail, 1977) in which 


predation by trout has been implicated as a mechanism for selection 
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of extremes in breeding sizes. Moodie (1977) has noted that the 
maximum body size of Culaea tends to be smaller in populations sub- 
ject to potential predation by Esox and Perca and salmonids. 

Predator selection for large individuals as noted here could be the 
causative agent for these results. Indirectly, size selective 
predation forcing earlier reproduction might have an effect upon 
pelvic development. That is, early reproduction would put a pre- 
mature energy demand upon the sticklebacks and the non-development of 
minimally useful structures would allow this energy to be put into 
reproductive effort. Without females from Astotin Lake average 
Slightly more eggs than do withs (Nelson and Atton, 1971). Kaminski 
(1977ms) implies that females without spines initiate ovarian develop- 
ment earlier than those with spines since they can devote more energy 


to ovarian development and maintenance. 


The selection for large withs indicates that predation by 
pike is not the selective force responsible for the .decline in without 
frequency with age and overwinter, as noted earlier. The without 
morphs (especially large ones) seem to be less accessible to the pike 
in Wakomao Lake probably due to the better developed behavioural de- 
fences noted earlier. | 

The lack of selection of either dorsal spine category is 
contrary to the expectations from the laboratory predation experi- 
ments. Differential modification of defensive behaviour of five and 
six dorsal spined fish, due to the laboratory situation may be the 


cause for this. 


Predation by pike upon the sticklebacks in Wakomao Lake is 
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influenced by several factors, most notably prey morph and associated 
behavioural differences which determine morph accessibility, and prey 
Size with its associated difference in the degree of defensive be- 
havioural development. With respect to wild pike predators, with 
morphs (especially large ones) are at a disadvantage relative to with- 
out morphs, thus predisposing them to greater potential (or actual) 


predation by northern pike. 


ote 


no 


af 


Ae 


ni) 


vale 


; 
Th a 
an rae 


if 
AP 


GENERAL DISCUSSTON 


Synthesis of Results 


The results from the various aspects of this study may be 
synthesized into a coherent picture of anti-predator adaptation in 
the Wakomao Lake population of Culaea inconstans. However, it should 
be remembered that the predators considered in this study are 
opportunists; so their diet in the lake is not restricted to stickle- 
backs. Except in the case of pike, the actual influence of the 
predators upon Culaea is difficult to gauge. Field work is needed to 
demonstrate the influence of these predators on the lake population to 


permit generalizations to be made from the laboratory experiments. 


Pike exert a significant and probably continuous influence 
upon the sticklebacks, consuming more of them than the alternate 
minnow prey also found in the lake. The pelvic morphs are not dif- 
ferentially distributed in the lake thus are equally available to the 
pike, at least on a gross level. On a morphological basis, withouts 
are preferred, especially by small pike but they are ree accessible 
due to better developed defensive behaviour. The between morph be- 
havioural differences identified in the laboratory studies probably 


contribute to the selective predation observed in wild pike. 


A similar situation exists in predatory situations involving 
dytiscid larvae - the withs are more accessible due to a behavioural 
difference, consequently they are selectively preyed upon (at least 
in the lab). Dytiscid larvae which occur at relatively high densities 


at certain times of the year have a potentially great predatory 
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influence on the Culaea population. 


No selective predation by Lethocerus was demonstrated thus 
suggesting that predation by this bug on the pelvic morphs jis a 
chance event related to the frequencies of the morphs in the prey 
population. This implies no selective predation would occur in the 
lake situation (but see the frequency dependent discussion below). 
Due to low densities in Wakomao Lake the impact of Lethocerus pre- 


dation upon the Culaea population is probably low. 


Other predators such as dragonfly nymphs and possibly birds 
may preferentially prey on the without morphs for behavioural or 
morphological reasons thus creating a counter selective force. 
Piscivorous birds and dragonfly nymphs of various species occur in 
large numbers at Wakomao Lake but their influence on the Culaea 
population is not known. Unknown agents seem to selectively re- 
move without and intermediate morphs over the winter but more work is 


required to elucidate their nature and influence. 


The anti-predator adaptations of Culaea inconstans in 


Wakomao Lake are a compromise between all aspects of the selective 


regime. Selection of one morph or the other in the lake situation may 


be expected to be complicated by factors such as size (age) of 
stickleback, presence and amount of cover vegetation, satiation of 
the predator, predator/prey size ratio (especially in pike), past 
experience of the prey and the type of predator. In some situations 
selection is on with morphs, in others it is on the without morphs. 
Other features of the stickleback's environment, not investigated 


here, such as other predators and other functions of the pelvic 
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spines, e.g. intraspecific agonism (McKenzie, 1969a) or mating 
(McKenzie, 1969b) will exert different selective pressures upon the 


Presence or absence of the spines. 


In view of the uniqueness of each predatory situation and 
the many selective pressures possible it is perhaps misleading (but 
intuitively pleasing and experimentally simple) to search for ‘the' 
biological function of a single morphological or behavioural differ- 
ence (Liley and Seghers, 1975). In the current case from the avail- 
able evidence, it seems that predation exerts a large if not sig- 


nificant influence upon the pelvic polymorphism. 


Discussion 


The observed frequency of pelvic morphs at any site or 
point in time may be due to a variety of causes (assuming as noted 
previously that the sampling was random, no differential dispersal of 
morphs occurs, differential reproduction or mating does not occur and 


all scoring of morphs was accurate). 


Linkage of the pelvic locus with other loci could result in 
a polymorphic equilibrium situation maintained by the adaptiveness 
(or lack thereof) of the other loci. Pleiotropic effects of other 
loci upon the pelvic locus may influence the expression of pelvic 
genotype, thus varying the phenotypic frequency. Both of these agents 
probably influence the pelvic polymorphism to some degree but it is 


impossible at present to gauge their effect. 


There is a possibility that the pelvic polymorphism may 


simply be due to neutral variation and the observed frequencies would 
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result from a Hardy-Weinberg equilibrium probably involving linkage 

or pleiotropy. Regal (1977) has argued that the shutting off of 
messages controlling processes or structures not vital to survival 
would be preferred, since it would decrease the 'noise' hence 
ambiguity in the information transfer system (i.e. from DNA to 
structure). However, from the accumulated evidence selective neutral- 


ity of the pelvic apparatus is unlikely. 


Random genetic drift seems unlikely in the present case due 
to the very large population size, probably much greater than one 


million individuals. 


Differential directional selection of the pelvic morphs is 
the final cause by which such a polymorphism might occur. The accumu- 
lated evidence tends to support such selection. These selective 
forces may be either abiotic or biotic in origin. Abiotic forces 
which may affect the pelvic polymorphism in Culaea were not inves ti- 


gated in this study, hence their influence is unknown. 


There are several mechanisms by which a stable polymorphism 
may be maintained by selective pressures: Heterozygote superiority 
(heterosis) such as seen in esa cell anemia (Ford, 1975) is un- 
likely in Culaea since the intermediates (morphological) occur in low 


frequencies and there is some evidence for selection against them. 


Endocyclic selection (Ford, 1975) in which one morph is more 
fit at one time in ontogeny and the other morph fitter later may 
result in a stable polymorphism, but this,at present is untested in 


this population. Differential selection of this type could operate 
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before the morphs are scoreable thus biasing the morph frequency 
distribution upon which subsequent selection operates. McPhail (1969) 
has noted this situation in Gasterosteus aculeatus in which the 
frequency of adult phenotypes of 'Black' and 'Red' are established 

by predator selection responding to behavioural differences in 


phenotypically unscoreable young. 


Cyclical selection (Ford, 1975) with one morph enjoying a 
relative advantage during one season and the other donine another 
season is also a possibility. Given the extreme seasonality of the 
Wakomao Lake environment it is likely that the optimum phenotype 
Shifts according to season in response to the selective pressures 
Operating at that time. This in itself would maintain a polymorphism. 
Some evidence exists that supports such seasonal selection in Wakomao 
Lake, specifically, the seasonal variation in without frequency. This 
study only considered selection operating at one point (summer) of 
the yearly life cycle of the stickleback; thus there is an inherent 


bias when interpreting the results. 


Frequency-dependent mechanisms in which an inverse relation- 
ship exists between genotypic frequency and fitness can theoretically 
maintain stable polymorphisms (Ayala and Campbell, 1974; Maynard 
Smith, 1970). Predation may have an effect either in a mimicry 
situation, unlikely here since there is no distasteful model, or, as 
Clarke (1962) has shown, the formation by a vertebrate predator of a 
search image for a common morph might favour a rare morph even if it 
was more conspicuous. This apostatic selection (Clarke, 1962) possibly 


may maintain the pelvic polymorphism, but it is unlikely since the 
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morphological search image for withs and withouts must be very 
Similar. Stereotyped defensive behaviour (such as spine erection) 
which may be learned and evolutionarily capitalized upon by a predator 
may be expected to result in a selective disadvantage relative to 
protean (erratic) defensive flight (Humphries and Driver, 1970). Suf- 
ficient behavioural stereotypy in the commonest morph could result in 
a behavioural search image being developed for that morph. This 

would satisfy the requirements of apostatic, frequency dependent 
selection. However, selective predation due to this is probably ob- 
scured by the actual selective value of the differences themselves, 
that is, the selection noted is due to differences in morph access- 
ability and not to differences in the search image of the predator. 
Humphries and Driver (1970) also argue that the use of defensive 
behaviours unfamiliar to the predator, since they are selectively 
favoured,would lead to an increase in intraspecific diversity of 
escape behaviours. The corollary of this is much individual variation 
in behaviour when confronted with a predator - a situation amply 


evident in this study. 


Maynard Smith (1970) notes that biochemical variants 
may differ in their susceptibility to parasites or disease. Selection 
on both homozygotes alternating between generations could result in 
cyclical changes in gene frequency (Maynard Smith, 1970). Both these 
latter possibilities require special CATAL Oriel SORE in the 


present situation. 


The frequency dependent mechanisms noted by most authors 


rely upon the predator being the active selective agent; the prey is 
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passively polymorphic. Given an ambush predator such as Lethocerus 
which consumes only prey coming to it (i.e. the predator is passive); 
then the probability of capture of an individual of each morph is equal, 
given no other between morph differences. Thus, predation upon the 
morphs may be expected to be in proportion to the frequency of those 
morphs in Wakomao race However, if an inverse relationship between 
morph frequency and fitness with respect to Lethocerus could be 
demonstrated, then maintenance of the withouts at low frequencies 
could occur. Such a relationship could come about by density-depen- 
dent differences between the morphs, e.g. different structuring of 
schools at different frequencies of morphs etc. The effect of this 
upon the Wakomao Lake polymorphism is probably low due to the low 
density of these bugs but rigorous testing of this hypothesis may 
yield information applicable to other situations with different 


morph frequencies. 


A final frequency-~dependent mechanism noted by Maynard Smith 
(1970) relies upon different genotypes having different fitnesses in 
the available ecological niches. This diversifying natural selection 
(Dobzhansky et al., 1977) seems the most likely mechanism maintaining 


the pelvic polymorphism in Wakomao Lake. 


Ecological division of the environment by the morphs is not 
evident. Rather, the necessary range of subenvironments required by 
diversifying natural selection is due to the types of predators and 
their respective methods of predation. With respect to these pre- 
dators, two adaptive subniches exist. The withouts are more fit with 


respect to pike and dytiscid predators. The withs are more fit 
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during predation by Aeschna (and during winter, for unknown reasons; 
perhaps predation when little cover vegetation is present), and 
possibly early in ontogeny due to size influences of the erectile 
spines upon predators. Evidence supporting the advantages of the 
with morphs is weak in this study; but withs must have an advantage, 
either during predation or from other selective pressures, or else 
they would not be observed in the frequency which occurs in the lake. 
This may be due to a morphological advantage or to associated be- 
havioural advantages. Continuous gene flow of morphs from another 
area or differential. gene flow (of with genes) could also be factors 
maintaining high with frequencies. Predation by piscivorous birds 
influences the morph frequencies to an unknown degree. The maximum 
size of the bird's bill (depth or width) would not greatly exceed the 
size (TBD) of the commonly captured prey. Since sticklebacks can 
increase their total body depth at will, it is reasonable to expect 
that morphs possessing pelvic spines would be at a morphological 


advantage relative to withouts during bird predation. 


The relative fitness of the morph is determined by its 
morphology, that is, pelvic condition, as well as by its behaviour 
when confronted with a predator. Both these characters act in 


concert or in opposition to affect the outcome of predation events. 


Behaviour is perhaps the most labile, hence the most 
responsive trait to evolutionary pressures. Similar work on 
Gasterosteus aculeatus has resulted in discovery of behavioural dif- 
ferences associated with a morphological difference (Larson, 1976; 


T. E. Reimchen, pers. comm.) which reinforced separation between the 
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morphs. The differential responses of sticklebacks from different 


areas to the same predator confirms that behaviour plays an important 


anti-predation role in some populations of Culaea. 


| The differential responses of predators (pike) from two 
different areas suggests that past experience (both evolutionarily and 
within an individual's lifetime) with the prey item influences the 
predatory act. That is, not all predators are equivalent in their 
response to prey items. The coevolution of a predator-prey relation- 
ship or the 'arms race' between predator and prey (Edmunds, 1974) 
results in both groups pena adequately adapted to the situation in 
which they occur. In view of this, it is perhaps unrealistic to ex- 
pect highly significant results in laboratory experiments involving 
such co-adapted entities. That such differential results occur may 
indicate more the disturbance or lack of reproduction of the natural 


environment than better or less adapted defensive mechanisms. 


The low frequency intermediate morphs, not considered in the 
experimentation, are predicted on the basis of the above conclusion to 
occupy a less adaptive area (most likely behavioural) between the sub- 


hiches of the withs: and withouts. 


Thus, the pelvic polymorphism in Wakomao Lake is maintained 
at least partially by predation pressure. This conclusion agrees 
well with Nelson's (1969) original hypothesis that local varia- 
tion in the selective environment and lack of alternate prey force 
piscivorous predators from central Alberta and Saskatchewan to consume 


sticklebacks. This favours escape responses such as streamlining the 
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body which in its extreme leads to pelvic loss and the polymorphism. 
From this conclusion it may be expected that situations with radi- 
cally different frequencies of pelvic phenotypes will also differ in 
the number and types of predators, both invertebrate and vertebrate, 
present. This may be the situation causing the slight geographic 
variation of pelvic morph frequency seen in the Redwater system. 

In Whitemud Creek, another river system of the Edmonton area, the 
morph frequency varies dramatically from the confluence with the 
North Saskatchewan River to the headwaters. The environmental 


situation (and presumably the predators) also varies considerably. 


Nelson (1977, p. 1319) notes that the loss of the pelvic 
skeleton might result from either "relaxation of selective pressures 
favouring its full development or to selective pressures favouring 
loss." He further states that the former explanation seems probable 
in localities exhibiting much variation in expression of the pelvic 
condition while the latter is applicable to areas in which withouts 
predominate. The present results disagree, in that, in this lake 
with considerable variation of expression there exist many selective 
pressures favouring either loss of the pelvic girdle or expression 
of pleiotropically associated defensive behaviours. Thus, it would 
seem that rather than relaxation a shifting of selective pressures 


(evolutionarily and geographically) has caused the polymorphism. 


Nelson (1977) also points out that if, in addition to the 
adaptive peaks noted here for the extreme types, assortative mating 


occurs and if selective pressures exist against the intermediates, 
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then the situation with Culaea may well be the precursor to that 
noted by Larson (1976) in which spatial and dietary differences, 
as well as morphological and behavioural differences exist between 
benthic and limnetic forms of Gasterosteus aculeatus. Both of 
these situations are the theoretical, initial stages of the 
sympatric speciation model (Endler, 1977; Mayr, 1963; Ross, 1974) 


by diversifying natural selection. 
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Figure 7: 


Wakomao Lake and Halfway Lake. @= Culaea 
collection sites, #= Esox collection 
sites. From aerial photos taken in 1973. 
Hwy. = Highway; secondary roads are also 
shown. 
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APPENDIX 2 
Possible Biases of the Collection Methods 


When a large polymorphic population of mobile organisms is 
being investigated it is pertinent to know whether any collecting 
method differential ly selects for one of the morphs. To investigate 
this a series of comparison collections were made on a 5 meter by 10 
meter quadrat on the sand beach area of Wakomao Lake. The water 
depth in the quadrat ranged from 0.2 to 1.0 m, vegetation was sparse 
with grasses or Cladophora sp. present. The area was sequential ly 


collected on 20 July 1977 by bagseine, dipnet and electroshocker. 


Frequency of Pelvic Morphs | 


Collection # Method with intermediate without N 
77-14-a bagseine 2D! 17 7A 339 
77-14-b dipnet 152 14 57 2c3 
7/7-14-c electrofisher 160 12 42 214 
Total 563 43 170 776 
Percent fees se) ANS, 
2 


Dorsal Spine Number 


Collection # Method 4 5 6 N 

77-14-a bagseine 10 cag ee 341 

77-14-b dipnet 3 149 fA 223 

77-14-c electrofisher Gl 137 66 214 
Total 24 505 249 778 
Percent Sie! 64.9 Sean b) 


x? = 5.49 (p = 0.4) 
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Differential collection of either pelvic morphs or fish 


with different dorsal spine counts did not occur. 


A fourth collection method was baited minnow traps, 
usually set near the lake bottom in the southeast portion of Wakomao 


Lake. Collectionsby this method are: 


Frequency of Pelvic Morphs 


Collection # Method with intermediate without N 
77-14-c Total 563 43 170 776 
Minnow Traps 70 9 24 LOS 
eae n= nea) 


a 
Et 


Dorsal Spine Number 


Collection # Method 4 5 6 N 
77-14-c Total 24 505 249 778 
Minnow Traps 2 60 4] 103 
2 


Neer eco utp —OlGo) 


No bias for pelvic morph or dorsal spine number occurs in 


the minnow trap collections when compared to other collection methods. 
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APPENDIX 3 
Ecology of Wakomao Lake Sticklebacks 


Table 31: Vegetation of Habitats defined in Wakomao Lake. 


% 


Depth Coverage 
; Range Major Vegetation of 
# Habitat Name (m) Species Substrate 
1 Burreed - Typha 0.0-1.0 Sparganium chlorocarpum 25-/5 
gee Typha latifolia 25-50 
Filamentous algae Z5 
2 Scirpus shoreline 0703405 SCIr pus Vad 1dus 50 
So] Miceocarpus 10 
Carex Sp. 5 
3. Myriophyllum-Lemna 0.0-0.5 Myriophyllum sp. ef dn 
floating on shore - 
Ceratophyllum sp. 5 
Lemna trisculca 0-25+ 
4 Myriophyllum, rooted 0.0-1.0 Myriophyllum sp. 30-50 
submerged on shore Ceratophyllum sp. 5 
Filamentous algae 25 
5 Sand beach G2U-1.5> Cares. 0-2 
Debris 0-2 
6 Submerged Cladophora 0.5-1.5 Cladophora sp. plus other 
mats on sand beach filamentous algae 90-100 
Lemna sp. 5 
Other 5 
7 Offshore 2+  Myriophyllum sp. 30-90+ 
Myriophy | lum- ; 
Potamogeton Cereiopny tun Sp. : 
Lemna sp. 


Potamogeton richardsonii O- 80+ 
P. pectinatus 10-20 
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Table 32: Individual collections of pelvic morphs from each habitat 
in Wakomao Lake. 


oe. oe 
_ 


Morph Frequency 


Habitat Collection with intermediate without N 

# # spined spineless 

1 eee ony 7 3 6 29 109 
77-19-d 40 4 i 16 61 

x = 2.81 (p = 0.6) 

2 71-20-% 109 4 3 31 147 
J 1-9 87 6 4 33 130 
1-16 we 3 1 20 Q7 
77=12-6 163 6 1 35 205 

ye ies (n= 06) | 

3 a0 1 85 7 3 29 124 
Jac ien 240 i 0 95 346 

x* = 19.4 (p<0.05) 
due to lack of intermediates - sampling bias. 

4 777192e 62 3 1 23 89 

TOA 145 5 1 55 206 
x = 10.58 (p= 0.9) 

5 (ay aye 84 3 4 32 123 

ia leeo 152 ey: 4 60 223 
x2 = 0.9 (p ~ 0.7) 

6 Tibet iS) 83 6 2 32 123 

7 (ia oe 72 3 0 24 99 
77-19-g 60 2 0 17 79 
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Table 33: Dorsal spine - pelvic morph association for each sample. 


Pelvic Morph 4 5 6 7 N 


A 


Collection #: 76-4, 1976 


with 8 225 90 i) 324 

intermediate if 34 7 0 42 

without il 85 25 0 i nial 

Y REC TEM S024) 

Collection #: 77-14-a, 1977 Z 

with a 159 85 0 251 

intermediate 0 g 8 0 ays 

without 5 49 19 0 jae 
Collection #: 77-14-b 

with i 102 50 0 150 

intermediate 0 i4 3 0 14 

without 2 36 18 0 56 
Collection #: 77-14-c 

with 5 104 51 0 160 

intermediate tt 7 4 0 IZ 

without 5 26 Tat 0 42 
Total 1977 

with ig 365 186 0 564 

intermediate ] 2/ 25 0 43 

without 10 111 48 0 169 - 
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Predators of Wakomao Lake 
The following potential predators of Culaea inconstans 


were found in Wakomao Lake in 1977: 


Pisces 


Esox Tucius Linnaeus - Northern Pike 


Aves 
Gavia immer (Brunnich) - Common Loon 
Podiceps grisegena (Boddaert) - Red-Necked Grebe 
Podiceps auritus (Linnaeus) - Horned Grebe 
Podilymbus podiceps (Linnaeus) - Pied-Billed Grebe 
Ardea herodias Linnaeus - Great Blue Heron 


Botaurus lentiginosus (Rackett) - American Bittern 


Laridae - Gulls, Terns, etc. 


Megaceryle alcyon (Linnaeus) - Belted Kingfisher 


Mammalia 
Mustela vison Schreber - American Mink 
Ondatra zibethicus (Linnaeus) - Muskrat 
Insecta 
Odonata - Dragonflies (Aeschna sp. and Anax sp.?) 
Lethocerus americanus (Leidy) 
Notonecta sp. 


Dytiscus sp. 


Their approximate abundance is shown in Figure 8. 


ae Rafame (4! we 


ne a Ny nt I i, ‘i a iy i in 
Hi if eh iy , 
i 
Any dn 
" 
I ry y 
an j 
f ve () 
\ i ‘ Vl 
\ | t \ eis nit ‘ay 2 ere, 8 
sen a janvin’ Ho pis tg bier ah 
5 My ie | ; ls wii ; an i Lad fr Pern 
f i id ia ui me eh ibonit SateA 
‘ i : if i ‘ Ui rt eth i i yah 
j it 4 ‘ik res Pot 1%) j ve if / » ; 
PENT A CUE RRATPR } hv yy sini al , vata aL me 
; , A i" ay y , 
i Ay a on 9 yn ei if tos ue) 9b: ih 
: piv yl 
t ‘ y 
ie iy ne by, Wt (aire 
Lae ung aad yh Aa attenanriy 
j Hh 
| "hfe weddodt | ea 
at Bi ere Sh hy 
i i | Hy - i 
} wD) NG ia ) 
A j rh h yi iW ( : is i \ J | 
i 7 i a ) N v Ai 
YY ath erway he gi Maye naa) a ait a ee 
i ‘ | + Mit i. Te se I Rs me i 7 ard 4 a My tpi 
Lt iT . vin mn WER ; Bs i Maan t iy ay Hate a) a 
i ‘ cri} j i ry 
i if 
6) " NV 
‘ Fi 
i ) id un ait 
1 i } 


‘Ny Ayn i) 
oY ‘ 


2S DES Oe eS & D> ~& 


rm 


Riis rom 


| Pe 


vy 


4 


4) 


aia : 


i epTobs las Si 


A 


~ 
f 


. Sete 


vA ian q 
we nt io 
i) Yh : 
f i ; 


ii : 
\ ys a ere 
onl ae 
| nas YM ¥ 
is ch ‘i a 4” f 
’ 7 Afi a 
i " ) J 
i A okt 
eh aly a 


Lia ye 


ULG Ry as 


he | mn AT AY, 


a ae Ne ei) AY Bee 


i" if ny i Hs in Om) 


ee ents ae rf iM 
ces a ae 
| (ithien a ici 


her 4 4 
ik Meer NEP tity LES 


be ; 


a 


a 


easel vo bi 2 = === y- 


= 
« 
— 


+ 


te— 


—— 
2 


Figure 8: 


Occurrence of potential predators of Culaea 
inconstans at Wakomao Lake (1977). Width of 
line indicates approximate relative abundance 
within the group. ---- = hypothesized presence 
of predator. "= singte’sighting. *= 
predators dealt with in this study. 


1. Culaea adults may prey upon conspecifics 
eggs or larvae (Wootton, 1976, K. Hirai pers. 
comm. ). 
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APPENDIX 4 


Results of Individual Predation Experiments 


Hypergeometric chi-squares are noted; superscripts are * 
Due Oo. or 80 < 07025... Fen eUls SuOSChIDE 1S les Yates Correct Lon 
for continuity applied. 


Table 34: 1976 morph consumption by northern pike. 


a rN SP 


Prey With Morph Without Morph 


Experiment Mean # # # i EY 
Number SL (mm ) Offer Ate Offer Ate X 

Wakomao Lake fish: 
(Mixed dorsal counts) 
a) Medium prey fish 

B5 Se. 15 4 nhs 

B8 32.0 15 4 is 

Subtotal] 30 8 28 15 Aol 
b) Large prey fish: 

B6 42.9 14 4 15 9 

B9 45.0 15 6 15 7 

B14 43.4 10 5 8 5 

Subtota |] 39 15 38 “AN AS) 
Total (5 replicates) 69 23 66 36 6.12 ** 
Fairydell Creek fish: 
(Mixed dorsal counts, mixed sizes) 

Bl ? 24 7 oS 14 4<6/0°* 
Whitemud Creek fish: 
(Mixed dorsal counts) 

Bll 54.4 14 6 15 9 

B12 42.6 15 8 15 y 

B13 49.2 8 5 9 5 

B15 wae 10 4 10 5 
Total (4 replicates) 47 23 49 26 Diets 
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Table 35: Consumption of unaltered pelvic morphs by northern pike. 


SS PS SA aC RS A ITS A OS SAS SUES APSE AGES ET RERMEP SGC cnn rer mame eae I OA LE 
a AA A SA SSS SSN a eero vounreraemroaerecenonarnmenenennene nner 


Prey With Morph Without Morph 


Experiment Mean # # F F ane: 
Number SL (mm) Offer Ate Offer) Ate X 


Cover vegetation present: 
a) Small prey fish 
5 dorsal spines 


1b 24.6 sky) 10 15 it 
Ab MEER 15 4 dha) 6 
5b 23.9 1S 4 LO] 
Ac 28.2 14 4 15 8 
5c P75 15 8 15 7 
Sub tota | 74 30 75 39 295 
6 dorsal spines 
2b 2oe/ ils 7 15 6 
Be 22-6 15 7 15 6 
Subtotal 30 14 30 12 One! 
x2 between dorsal variants Sha ee: 0.44 
Total (7 replicates) 104 44 105 51 0.82 
b) Medium prey fish 
5 dorsal spines 
Te ies 14 13 13 7 
4e S453 13 7 1S 7 
Ag 36.8 Lb 7 15 7 
Sub total 42 26 43 2A 1.45 
6 dorsal spines 
2e 3605 tgs) 7 1S 6 
3e S646 15 9 14 7 
3g 36.55 15 6 HES) 8 
Subtotal 43 22 42 ZA OF 01 
x2 between dorsal variants 0.28 0.01 


Total (6 replicates) 85 48 85 42 0.85 


ane 


iit 


mitt 
if, 


i A iN 


Prey With Morph Without Morph 


Experiment Mean # # # = FD 
Number SL (mm) Oirer Ate Oifery Ate x? 
c) Large prey fish 
5 dorsal spines 
5e 44.0 nS) 4 ilk) 9 
lg 47.8 DS 7 15 9 
5g 42.9 15 7 15 8 
Sub tota ] 43 18 43 26 2.94 
6 dorsal spines 
6e 43.4 14 ye 14 8 
2g 45.8 Lo 6 ti a 
6g 43.1 15 8 do i 
Sub tota | 44 21 4) ce ees) 
x2 between dorsal variants Oat Orit 
Total (6 replicates) 87 39 84 48 2.58 


No cover vegetation present: 


a) Small prey fish 
5 dorsal spines 


lg 29-0 14 8 13 4 
5a Lheec tS 6 14 9 
Subtotal (As) 14 oy, 13 0.00 


6 dorsal spines 


2a 26.7 15 5 15 9 
6a 29.3 15 7 14 7 
Subtotal 30 te 29 16 o4 
xe between dorsal variants G2 16 0.09 


Total (4 replicates) 59 26 56 29 0.08 
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Prey With Morph Without Morph 


Experiment Mean # x F P ae 
Number SL (mm) Offer Ate Offer Ate X 
b) Medium prey fish 
5 dorsal spines 
Ah CHET: 15 7 15 7 0.00 
6 dorsal spines 
3a Shel 15 5 15 8 
5h 3 key | 15 9 ks) 6 
li oe hee) 15 8 ies) 9 
Aj 3/33 15 8 1S) 6 
Sub total 60 30 60 29 0303 
eC between dorsal variants 0.01 Oe Od 
Total (5 replicates) 75 Sul 15 36 0.03 
c) Large prey fish 
5 dorsal spines 
21 15 9 15 
Zi £5 iL 14 6 
Subtotal 30 16 29 13 0.42 
6 dorsal spines 
37 14 6 14 7 
43 14 7 14 
Sub total 2B hipaa tee ee. 0200 
xé between dorsal variants 009 0.00 


Total (4 replicates) 58 (a Di 26 022 
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Table 36: Predation by pike on the altered pelvic morphs (i.e. withs 
clipped). No cover vegetation provided. 


——— eee 


With Morph Without Morph 


Prey 7 
Experiment Mean # i # 4 a 
Number SL (mm) Offer Ate OT fer. Ate X 
a) Medium prey fish 
5 dorsal spines 
Tf 36.8 Lis} 9 15 6 
(3 36.8 14 8 ks) 6 
6 8 Sy Le 15 9 15 6 
Subtotal 44 26 A5 18 Sires 
6 dorsal spines 
Af OOla/, 15 9 1S 7 
of S756 15 iif 15 4 
lj Cie 14 7 14 6 
Subtotal] 44 28 44 Ay) bq s 
Xe between dorsal variants 0x03 0.00 
Total (6 replicages) 88 54 89 35 8.55 *e* 
b) Large prey fish 
5 dorsal spines 
Bt 44.4 15 6 14 8 
6 dorsal spines 
6f 42.9 ie 6 15 7 
6k 45.0 15 6 15 8 
Subtota | 28 ive 30 15 0.29 
x2 between dorsal variants 0.204 Gear 


Total (3 replicates) 43 18 44 o3 Ons 
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Total (2 replicates) 30 15 30 14 


Table 37: Predation by pike on normal and altered with morphs. 
No cover vegetation provided. 
Normal With Clipped With 
Prey i ais aie Hyper 
Experiment Mean # # # # ee 2 
Number SL (mm) Offer Ate Offer Ate X 
a) Medium prey fish 
5 dorsal spines 
1k S Hiss er ates 15 9 Cae 
6 dorsal spines 
Ak Sonn INS 6 15 8 On52 
x“ between dorsal variants 0.07 0.04 
Total (2 replicates) 30 11 30 AN (eT 
b) Large prey fish 
5 dorsal spines 
ak A5.1 ie 7 15 8 O38 
6 dorsal spines 
3k 44.6 1% 8 15 6 O52 
x* between dorsal variants 0.04 0.19 
0.07 
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Table 38: 


———— 


Experiment 
Number 


With 


Morph Survivors 


Unmarked Marked 


Cover vegetation present: 


a) Small prey fish 
5 dorsal spines 
1b 
Ab 
5b 
Ac 
oC 
Subtotal 


6 dorsal spines 
2b 
Sc 

Subtotal] 


xe between dorsal variants 0.00 


Total 


b) Medium prey fish 


5 dorsal spines 
lc 
Ae 
4g 
Subtotal 


Le>) 


dorsal spines 
2e 

3e 

3g 

Subtotal 


x2 between dorsal variants 0.00 


Total 


ey 0 
2 0 
9 0 

10 0 
7 0 

Ad. 0 
0 

0 

16 0 
60 0 
0 

0 

0 

16 0 
6 0 

6 0 

9 0 

2] 0 
37 0 


Without 


Morph Survivors 
Unmarked Marked 
4 0 
9 0 
8 0 
yi 0 
8 0 
36 0 
9 0 
s) 0 
18 0 
0.00 
54 0 
6 0 
8 0 
8 0 
22 0 
i 0 
7 0 
7 0 
21 0 
0.00 
43 0 


Predation marks on surviving fish, unaltered morphs. 


Hyper. 
ye 


0.00 


0.00 
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With Without 


Experiment | Morph Survivors Morph Survivors BREE: 
Number Unmarked Marked Unmarked Marked X 


c) Large prey fish 
5 dorsal spines 


5e 9 0 4 0 
lg 6 2 5 ih 
og 7 1 i 20 
Subtotal Ze 3 16 ] 0252 
6 dorsal spines 
6e 7 0 6 0 
2g C 4. 1 
6g 4 3 ] 1 
Subtotal 18 5 17 2 1236 
x2 between dorsal variants 0.83 Onz25 
Total 40 8 33 4 1.66 
No cover vegetation: 
a) Small prey fish 
5 dorsal spines 
la 6 9 
5a 9 5 
Subtota! 15 14 0 0.00 
6 dorsal spines 
2a 10 0 6 
6a - 8 0 
Subtotal 18 0 13 0 0.00 
x2 between dorsal variants 0.00 0.00 


Total 33 0 rs | 0 0.00 
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RE RE ES TE ES ar eee 2 2 

— EL SE OE IE EOE SS ON Pe EE RE EE ie EF BE EE ER 


With Without 


Experiment Morph Survivors  § Morph Survivors  —- Hyper. 
2 


Number Unmarked Marked Unmarked Marked X 


b) Medium prey fish 
5 dorsal spines 


4h v ] 8 0 aga Aes 
6 dorsal spines 
3a Poke) 0 7 0 
5h 0 ) 0 
li 7 0 6 0 
4j 7 0 g 0 
Subtotal 30 0 So. 0 0.00 
xe between dorsal variants 3.33, 0.00 
Total By, ie 39 0 P05 
c) Large prey fish 
5 dorsal .spines 
23 3 5 a) J 
va 6 2 7 
Subtotal 9 e 14 2 Ce eeae 
6 dorsal spines 
37 5 3 5 2 
4j | 6 1 
Subtotal felt 4 12 3 0733 
x2 between dorsal variants 0.20 OS eS 


Total 20 9 26 ° 3.47 
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Table 39: Predation marks on surviving fish, altered with and normal 
without morphs. 


ee TN SS sea eR SRSA SPS A= SSIES OES SSE eNOS SERN ERED 


Clipped With Without 
Experiment Morph Survivors Morph Survivors Rees: 
Number Unmarked Marked Unmarked Marked X 
a) Medium prey fish 
5 dorsal spines 
EG 5 1 9 0 
aye 5 1 8 i 
5 f 6 0 ] 0 
Subtota ] 16 2 26 1 1.09 
6 dorsal spines 
Af 4 2 8 0 
of 0 10 1 
1j 7 0 8 0 
Subtotal 14 2 26 i 1.39 
X* between dorsal variants 0.02 0.00 
Total 30 4 Bi 2 2.49 
b) Large prey fish 
5 dorsal spines 
hi 7 ZG 6 0 1207 
6 dorsal spines 
6f 4 3 6 2 
6k 6 3 6 1 
Subtotal 10 6 ye 3 Coa 
x2 between dorsal variants 0.62 ee) 


Total 17 8 18 3 3.64 
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Table 40: Predation marks on normal with, altered with morphs. 


Normal With Clipped With 
Experiment Morph Survivors Morph Survivors ce 
Numb er Unmarked Marked Unmarked Marked X 
a) Medium prey fish 
5 dorsal! spines 
1k 8 2 5 ] 0. 02 
6 dorsal spines 
Ak 8 1 7 0 Gee? 
x2 between dorsal variants 0.00, 0.04, 
Total 16 5 ic 1 0.59 
b) Large prey fish 
5 dorsal spines 
2k . 6 2 4A 3 1250 
6 dorsal spines 
BK 3 4 3 as Gesu 
x2 between dorsal variants 0.55, 0.20, 


Tota | S 6 7 g 0.70 
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Table 41: Attacks on the pelvic morphs (unaltered morphs). 


With Morph Without Morph 


Experiment i # # 4 ain 
Number Offered Attacked Offered Attacked X 
Cover vegetation present: 
a) Small prey fish 
no marks ..attacks = consumed table 
b) Medium prey fish 
no marks ..attacks = consumed table 
c) Large prey fish 
5 dorsal spines 
Be 13 4 5 9 
lg 5 g 15 10 
5g 15 8 its 8 
Subtotal] 43 21 43 27 1.68 
6 dorsal spines 
Ge 14 UP a7 14 
2g 15 8 We 
6g ES a 15 
Subtotal G4 26 41 24 0.00 
x2 between dorsal variants Ome 0.04 
Total 87 47 84 Sys 0.78 


No cover vegetation present: 


a) Small prey fish 
no marks ...attacks = consumed table. 


b) Medium prey fish 
5 dorsal spines 
Ah 15 8 5 7 G23 


(all other medium experiments - no marks ..attacks = consumed 
table) 


if 


; Nene : 
gk 


= ——————— —— 


With Morph = _Without Morph _ 


Experiment x rm y F ee 
Number Offered Attacked Offered Attacked X 
c) Large prey fish 
5 dorsal spines 
21 15 2 15 
2) if ) (44 
Sub tota | ey) 21 29 15 2303 
6 dorsal spines 
31 14 9 14 
Aj 14 8 14 
Sub total 28 Ly 28 16 0.07 
\2 between dorsal variants OS; 0.05 


Tota | 58 38 5/7 ol 1.47 
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Table 42: Attacks on pelvic morphs (altered with morphs, normal 
withouts). 


——— 


Clipped Normal 


With Morph Without Morph _ 
Experiment # # # DET 
Number Offered Attacked Offered Attacked X 
a) Medium prey fish 
5 dorsal spines . 
ie io 10 15 6 
ZF 14 9 eel} 
5f i 9 is 6 
Subtotal 44 28 45 19 4.05 * 
6 dorsal spines 
Af 15 11 15 vi 
33 1 12 15 5 
lj 14 7 14 6 
Subtotal 44 30 AA. 18 6.53) ** 
X* between dorsal variants 0.04 | 0.00 
Total 88 58 89 oF 102455 A** 
b) Large prey fish 
5 dorsal spines 
SP 15 8 Arab 8 0.04 
6 dorsal spines 
6f 13 9 1S 9 
6k 15 9 15 9 
Subtotal 28 18 30 18 etl 
x2 between dorsal variants B2l2 O20 


Tota] 43 26 44 26 0.02 


i 
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Table 43: Attacks on normal with, altered with morphs. 


Norma ] . Clipped 
__ With Morph __ With Morph 
Experiment # # # # 
Number Offered Attacked Offered Atta 
a) Medium prey fish 
5 dorsal spines 
1k ws) i 15 10 
6 dorsal spines 
Ak 15 i, 15 8 
x2 between dorsal variants 0.00 0.14 
Total 30 14 30 18 
b) Large prey fish 
5 dorsal spines 
2k 15 9 15) il 
6 dorsal spines 
3k BS 12 15 12 
x? between dorsal variants 0.25 0.02 
Total 30 (a3) 30 23 


cked 


Hyper. 


ye 


1.18 


10 


Table 44: Lethocerus americanus (adults or nymph) predation on 


pelvic morphs. 


nr 


Prey With Morph Without Morph 


Experiment Mean # # # 4 eae 
Number SL (mm) Offer Ate Offer Ate X 
a) Small prey size 
5 dorsal spines 
12a adult Cong 7 2 7 6 
loc adult Ase Z 6 7 ld 
Pocradult Pa bds 7 3 7 3 
14d adult 24.9 6 2 6 3 
18d adult Com i, e 7 3 
15b nymph 25 a9 7 4 J 4 
12c nymph 21.6 7 2 i 5 
15c nymph 26.4 i 3 7 4 
llc nymph 24.9 7 5) 7 4 
14c nymph 24.4 7 4 Vi s) 
Subtotal 69 Sic 69 37 0.24 
6 dorsal spines 
16a 7A Dlx yp 1 4 3 3.69 
xe between dorsal variants 0.59, 0.00, 
Total (11 replicates) 76 34 73 40 1.50 
b) Medium prey size 
5 dorsal spines 
13b adult Sc u/ 7 5 h 2 
15d adult 3260 7 2 7 5 
17d adult 30.8 6 4 6 3 
Subtotal 20 11 20 10 0.10 
6 dorsal spines 
16d 30.1 if 4 6 3 0.06 
x2 between dorsal variants 0.06, 0.00 


Total (4 replicates) 2/7 15 26 is 0.16 


Table 45: Dytiscus sp. predation on pelvic morphs. 


Prey With Morph Without Morph 


Experiment Mean # # # # a 
Number SL (mm) Offer Ate Offer) Ate X 
a) Small prey size 
5 dorsal spines 
foo Geek 7 4 7 3 
14a 25.9 7 4 iy, 2 
l5a 26.0 vi 4 7 2 
12b HRSG} ji 5 7 2 
14b ZEA 7 4 rf 3 
17b COeS 7 4 v) 3 
lid (eae AS 7 4 7 2 
Total (7 replicates) 49 29 49 17 5.84 ** 
6 dorsal spines 
lla 22:7 7 o 6 x 
18b (Aa) 7 4 7 4A 
16b 27.6 ff 3 7 4 
b/c 24.1 7 4 7 3 
18c Clee 7 5 i 3 
Total (5 replicates) 35 21 34 21 0.02 


b) Medium prey size 
11b yey i, 3 7 4 0227 


] 
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Table 46: Prey and pike sizes in predation experiments. 


——_———[—[—[—[——————— 


Predator Prey Range Predator/ 
Experiment Mean Mean of Prey Prey 
Conditions SL (mm) SL(mm) SL (mm) SL Ratio 


a a a ee a ee oe eee ee ee ee ee eee 


Intact prey fish 


Cover: 
sma 1] 126.7 25.0 20-29.9 say) 
medium . 152246 35.4 30-39.9 4.3 
large 160.5 4a.5 40-49,9 3.6 
No cover: 
smal] 12350 yooh 21-29.9 Ae 
medium 149.6 36.7 35-39.9 4.1 
large 159-25 A4.6 40-49.9 3.26 
Altered prey fish 
Clip with/normal without: 
medium 149.7 Sy ka 35-39.9 Sake, 
large 162-41 44.1 40-49.9 38f 
Clip with/normal with: 
medium 148.0 37.8 35-39.9 3.9 
large 161.9 44.9 41-50.0 3.6 
1976 Experiments: 
Wakomao Lake 147.8 S96 31-50. 0 = ate, 
Fairydell Creek 140.0 425 ? 323 


Whitemud Creek 166.3 5120 40-70.0 eres: 


“t 


APPENDIX 5 


Pike and Stickleback Body Measurements 


The influence of predator to prey size (length) ratio for 
northern pike has been investigated by Frost (1954) and Mauck and 
Coble (1971) as well as Christiansen (1976). The latter author 
suggests that length of prey is not the most critical measure deter- 
mining the size of prey consumed. Rather, Christiansen (p. 59) 
suggests that since the prey are turned on their side before ingestion 
“the critical relationship, determining maximum size of prey consumed, 
is that between maximum jaw width of the predator and maximum body 
depth of prey fish". The maximum body depth (including dorsal and 
pelvic spines when present) of sticklebacks can vary considerably. 

The relationship between the variation and morph type, and that 
between pike jaw width and standard length was investigated in the 


Wakomao Lake fish. 


Methods 


Predator standard length and jaw width were taken on the 
samples of pike obtained for stomach analysis and two small young of 
year pike taken in the Redwater River (Figure 1, site 5). Standard 
length was measured to the nearest 0.5 cm with a meter stick according 
to the usual method (Hubbs and Lagler, 1974). Jaw width was taken, to 
the nearest 0.1 cm with a plastic ruler inserted in the back of the 


closed mouth, as the inside distance between the premaxillary wings. 


Stickleback standard length was taken as before. Total 
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body depth (TBD) of each morph was taken as the shortest distance 
between the tip of the erect second dorsal spine and the erect, 
ventral most pelvic spine in the with morphs; and the tip of the 

erect second dorsal spine and the most ventral point of the belly in 
the without morphs. In both cases this measure was made perpendicular 
to the long axis of the body read on a calibrated eye piece micrometer 


of a dissecting microscope at 10X. 


The jaw width and TBD data points in each standard length 
unit (1 cm) were averaged and a least squares linear regression 


equation and correlation coefficient (r) calculated. 


Results 


Table 47 presents the averaged jaw width for each pike 
standard length category. Figure 9 shows the regression line for 
this data. Table 48 presents the TBD results for each stickleback 


morph. Figure 10 shows the calculated regression lines. 


Using the regression equations to calculate the average TBD 
for the mean size of stickleback presented in each size group in the 
predation experiments one obtains: 


25 mm SL with 0. cm TBD 
without 0. ae 
35 mm SL with QO. 
without 0. 
ie 
te 


45 mm SL with 


0 

9 

? if] fl 

d 

4 
without 3 


i 
o 
Q 
8 
1 
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The first observation is that the pelvic morphs do not differ 


greatly in their TBD (Figure 10). 


These sticklebacks are consumed by pike (11-18 cm in 
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standard length) with a jaw width of 1.02-1.55 cm. It is clear that 
some prey items of both morphs exceed the minimal jaw width of the 
pike thus making them unavailable as prey and enhancing their ability 


to escape. 


Discussion 


In the experimen ts performed with pike it is probable that 
both morphs in the large size category exceeded a critical size which 
the pike could easily ingest. This would result in a lack of 
selective predation as observed. The results would suggest that 
once pike reached a certain size (i.e. about 20-25 cm SL) their jaw 
width exceeds the TBD of most sticklebacks and any selective predation 
would not be due to the morphological difference (see stomachs 
section). A corollary of this would be a very low escape rate when | 
attacked by large pike in the lake situation and a much higher escape 
rate when attacked by small pike in the predation experiments. Both 


conditions were observed in the present study. 


Weh: + yee a a eos heed 
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Table 47: Jaw width measurements for standard length categories of 
Wakomao Lake pike. 


Mean Standard Number of Mean Jaw Standard 


Length (cm) Measurements Width (cm) Deviation 
729% 1 0.90 -- 
oes ] 0.95 -- 

Die PA iy he 0.07 
18.3 4 1265 D225 
19.4 10 1.84 0.16 
Cope im \Beytewe) Ose 
7a tgs) 1 1.80 -- 
2285 A coOs Ouc/ 
23.4 7 1.91 0.31 
ae as 6 Calo 0.24 
25.4 27 AG 0.20 
26.4 17 218 ORS 
27.4 5 Zeno O16 
41.0 ] 5.00 -- 
42.3 2 a TAG) 0.42 
43.0 1 35:20 -- 
44.5 j 3.60 8 
45.3 S 4.30 0.36 
46.3 3 3293 0.40 
47.5 5 4.30 0.34 
49.5 J 4.10 -~ 
5G-u ] 4.20 -- 
51.3 2 4.40 0.14 
54.0 1 5.60 oar 
Boa0 d. 5.00 -- 
Sau 1 4.30 -- 
58.0 u 4.30 at 
63.0 1 6.80 oe 


* Redwater River pike 
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Table 48: Total. body depth (TBD) measurements for sticklebacks from 
Wakomao Lake (collection 76-4). 


Se 


Mean Mean Mean Mean 

Si TBD Standard SE TBD Standard 
(mm) (nim) Deviation (mm) (mm) Deviation 
with morph n = 324 without morph n= 11] 
15:4 WAS) Baal alee) 4.0 -~ 
16.6 4.9 0.329 wy Oro An 2 0.349 
7.5 ee 0.264 UMP 4.4 O25 
10.25 525 0.384 1855 4.8 OF 240 
19E5 Biah 02332 19.4 cee) 0.28] 
2005 621 OFzZ5 i 204 52 0.347 
2124 Sea 0.308 OSS D6) 0.058 
2o4 G25 0.362 Za Bee 2503 
Woh 6.6 0.370 2055 56 O7369 
24.4 6.9 0.467 24.4 55 0.338 
75.5 120 0.498 ths Me 6.0 Or3738 
20.5 Tica 0.486 2623 6.2 0.427 
Zee oe) 02365 28.4 622 -- 
28.4 7.8 Ue23c Bie 6.2 0.346 
29.4 8.1 02358 29.0 Gaz 289 
SUS ei) 0.473 30.5 6.9 -- 
31.4 8.7 0.645 Copa pei -- 
Bee hfe 0.306 6283 feo -- 
30.5 9.3 0. 306 Hoe SI 7.9 0.395 
34.4 8.9 0.400 Sono 8.4 0.000 
35.4 953 0.685 36.8 oof 0.283 
S045 TOR 0.473 37.0 Bie -- 
SHAS 10.1 Oeecu BS 9°78 -- 
Bo.0 103 0.288 40.6 Oe3 0.42] 
3038 Oss 0.665 41.8 9.5 -- 
40.4 10.0 0.850 42.6 TORS Oreo 4 
41.4 let 0.289 aye Geo 0.495 
42.8 LOS0 ~~ Zoo exes -- 
43.5 1LOG/ Treo 

44.7 10.9 0.354 

Ua la Task 0.495 

46.7 1S -- 

bis]: seo pad == 

53.4 12.9 ae 


i 
i 
( iy 
ty 
N's] et 
f ’ 
i 
a i 
th 


, ve 
ie 


ah 


fa 


prvels 


a (ent 


hae iv 


ihe 
; Wa pra 

en if 

i J J 


i a Ba ie | ean 
‘i a ai a 7 | f . ee ie ; 
Byes aN ey Ga 
i rhe ea git? “To akayl oy ngty(p 2 SOL erent 
tf, pibb nag..b! el P ATGeD My ays i BAW sac ‘Laie 
FTW RAO eD \ faq: ayeda Lasts z. Wo aionak. esl 

tana d ANE S\ nwt OM 0) ROUT Beige 

4 


fe, fe baey nol yerkn nouehT Tao plead 


iy i weed sya 
e vi pges im ? i j ; i i. fi 
( Baal ~ iy ge é (adotteuny not “J nS A i" a ; ly = 
a egies ty 
Hse sD bvebuete f tsk. 0 % est. COT tt | | Ps 
Peay en penny ; P ve 
ams vi) tj 1 APHaRE ra wie’ \ eh, 0 ay had * MOAT WW t hig 
ri = \ 4 _ ia 
1 <> * 
’ bre \ ey } a 
i \ ‘nels ae 7 
\ \ 4 $ 
hin cae vito = 4 
va v pat Upper } | 
iF ae ; ’ eae er onan Miah 
ae ene S, taue m4 uifreiet . oA 
- tone ~— 
\ ily reraiien 
ts 7 \ : wa 
i) ’ ; " 7 ae ' 


| on | . 
; vee Yel pee hirer 
i doe thal wa G | 


fs 


a 
eoeae. wammian se Wi erent 7s Ny syfomere venstir naet ar oi salami 4 | { 


Figure 10: 


Regression analysis of the relationship 
between total body depth (TBD) and standard 
length of stickleback pelvic morphs, with 
and without. Mean shown + 2 S.D. Least 
squares Model 1 linear regression used. 


Regression Equations: 
with - TBD = 1.479 + 0.221 Standard Length 
without - TBD = 0.482 + 0.219 Standard Length 
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APPENDIX 6 
Behaviour Results and Analysis 


Behaviour Variable Key: 


Table 49 = total activity 
. = jerky swimming 
= sculling 


= fast swimming 


1 

2 

3 

4 

5 = frozen 
6 = in cover 

7 = in vegetation 
8 


= dorsal spines erect 


Table 50 9 = survival time (minutes) 
10 = manipulation time (minutes) 
11 = time to first orientation (minutes) 
12 = retreats (normalized % of total for that morph) 
13 = jumps (normalized % of total for that morph) 
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Table 49: Percentage (normalized) of time spent in various 
behaviours, pike experiments. 


(Gascedereatnandenn-aeeeaentionsoceeeeemageoawereanieea 


Se 


Behaviour Variables 


a ca RR I A a Le ES 


Small prey fish, with morph 


baseline 
00.0 00.0 00.0 00.0 90.0 90.0 90.0 00.0 
90.0 48.0 00.0 42.0 00.0 20.3 00.0 Byars: 
90.0 5d,.5 dB S67) 00.0 23.0 00.0 S649 
90.0 63.9 Wes 18.4 00.0 48.0 00.0 ae i 
90.0 00.0 90.0 00.0 00.0 00.0 00.0 00.0 
90.0 G5 2 28.9 A) ool 00.0 Adel 00.0 00.0 
73.6 C20 44.6 B2 vt 16.4 L225 00.0 00.0 
90.0 56.3 32.6 06.5 00.0 00.0 00.0 00.0 
90.0 90.0 00.0 00.0 00.0 04.8 00.0 34.9 
62.0 35.2 42.0 00.0 20.0) AUS: 00.0 00.0 
90.0 90.0 00.0 00.0 00.0 Scie 00.0 Oo. 
90.0 90.0 00.0 00.0 00.0 10.0 00.0 00.0 
90.0 90.0 00.0 00.0 00.0 04.8 00.0 00.0 
Fishes 00.0 oo. S15 18.4 38.8 00.0 Po 
X Sind 48.0 22.9 14.9 10.9 24.8 06.4 20.0 
Sie Dine atts) 34.5 a few ie alas 24.5 Cai aS) 
predator 
00.0 00.0 00.0 00.0 90.0 90.0 90.0 00.0 
90.0 00.0 00.0 90.0 00.0 00.0 00.0 00.0 
90.0 30.0 60.0 00.0 00.0 90.0 00.0 00.0 
90.0 00.0 90.0 00.0 00.0 90.0 00.0 Sdia6 
69.9 00.0 69.9 20.1 00.0 “a Oe ak 00.0 D3:.45 
“a0 00.0 145 dG 25 69.3 00.0 00.0 00.0 
90.0 A 0) 45.0 00.0 00.0 00.0 00.0 00.0 
90.0 89.2 50.36 00.0 00.0 00.0 00.0 45.0 
90.0 oo 410 00.0 #5 40 00.0 00.0 00.0 45.0 
90.0 G5 az 54.8 00.0 00.0 00.0 00.0 00.0 
90.0 SD 42 54.8 00.0 00.0 90.0 00.0 90.0 
90.0 90.0 00.0 00.0 00.0 00.0 00.0 00.0 
90.0 00.0 90.0 00.0 00.0 00.0 00.0 00.0 
16.4 00.0 ie 04.8 13.0 TA 00.0 90.0 
X fAlase, 2Lt0 39.0 15 16.6 CY cess: 06.4 27.0 
Sal) neo 3) ad eds 33.4 257 S3e3 42.4 Coal S520 


t) ae : 
t st 


Piniella hn haa 


a 0 
e 


Wika 


‘a oh 


small prey fish, without morph 


baseline 
90.0 TA eee 20S 00.0 00.0 30 
ToS 08.1 16r7 00.0 iS 18 
74.3 00.0 S02 Beal Toe 20 
46.5 00.0 46.5 00.0 43.5 SO) 
90.0 90.0 00.0 00.0 00.0 44 
90.0 Tek 00.0 16.7 00.0 50 
90.0 00.0 90.0 00.0 00.0 AQ 
Sad Cie Lan S 00.0 Bon 00 
90.0 Gord 2Urs Esk 00.0 10 
90.0 5AuL. Sous 06.5 00.0 00 
28.9 Va RMS 00.0 Gud 65 
90.0 90.0 00.0 00.0 00.0 25 
X 74.3 Soce, SUES aS iNav 29 
Seee 2A.) asta) Con 25.5 24.1 20 
predator 
90.0 5/0 41.8 00.0 00.0 00 
90.0 Com 54.8 00.0 00.0 00 
90.0 00.0 40.9 49.1 00.0 00 
Uke 00.0 09.5 06.5 75.5 00 
90.0 13.4 68.6 00.0 00.0 79 
90.0 AO 56.8 1S%4 00.0 18, 
26.6 00.0 26.6 00.0 Gand 00 
10.6 00.0 10.6 1904 00.0 00 
90.0 35h 54.8 00.0 00.0 00 
90.0 90.0 00.0 00.0 00.0 00 
3482 00.0 34.2 00.0 55.8 00 
90.0 293.0 61.0 00.0 00.0 00 
X 66.9 Cae5 SG. IWS 162.5 08 
Sal, 23420 28.0 aeu5 2585 302 es, 


Teel) ES tony We) Cas) (Gn! es} IS) feo) (a8) Sip We) ISS [pS 


ia Ne TONS) Seo ds Cee Gye: 


SO. OOOO Oe Oe ooo 


SS] SCI Qacoe Sige 


CRE ISS Srey BS IS Ce) ISS) SWOT ROIS 


22) 18) Ke SO) (SSS) Col ony [= SS) We) (Sy 


‘ } 
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Ah ONten 
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fi 


—c=ouomMu>_=0=24>2.>2>*O.—OwsGGuaUa_>D_—~.~ rr ee eee 
-_ 
AS nee 


A TT NN 


Medium prey fish, with morph 


baseline 
58.9 00.0 58.9 00.0 31.8 59.8 00.0 90.0 
a0 00.0 34.40 00.0 5539 90.0 00.0 90:0 
OBa Cea 26.6 00.0 ol Oke, 46.9 Zo A! AT 3 
54.3 3713 BWA 53 00.0 ere fi 90.0 00.0 34.9 
04.8 00.0 04.8 00.0 B52 90.0 00.0 00.0 
90.0 90.0 00.0 00.0 00.0 79.5 00.0 55 .t) 
90.0 00.0 90.0 00.0 00.0 90.0 00.0 00.0 
90.0 90.0 00.0 00.0 00.0 Zo3 00.0 V/.28 
40.4 O95 38.8 00.0 49.6 TIS 00.0 00.0 
00.0 00.0 00.0 00.0 90.0 00.0 00.0 00.0 
90.0 90.0 00.0 00.0 00.0 29.3 00.0 46.1 
90.0 90.0 00.0 00.0 00.0 00.0 00.0 81.9 
90.0 90.0 00.0 00.0 00.0 709 00.0 B75 
00.0 00.0 00.0 00.0 90.0 90.0 00.0 90.0 
29.8 29.8 00.0 00.0 60.2 90.0 60.2 90.0 
X 53.4 36.8 USE 00.0 S620:"' > soccer 05.7 45.4 
Belle. Boos 40.7 ZR 00.0 50... Boi 6 45 36.4 
predator 
00.0 OGs0» | -t0070 00.0 90.0 90.0 00.0 90.0 
Bors! 00.0 19.71 00.0 70.9 62.45 00.0 90.0 
15740 00.0 520 00.0 75,40 90.0 00.0 90.0 
00.0 00.0 00.0 00.0 90.0 90.0 00.0 90.0 
10.8 00.0 O7,a7 OF {7 49.57 90.0 00.0 Fe #2 
31.4 00.0 30.9 G54 58.6 90.0 26.0 90.0 
O65 00.0 06.5 00.0 83.5 90.0 00.0 00.0 
£5 20 08.1 GO%5 00.0 7.5.20 oLsg 7520 81.9 
08.1 08.1 00.0 00.0 81.9 90.0 00.0 1905 
00.0 00.0 00.0 00.0 90.0 00.0 00.0 90.0 
E235 £025 06.8 00.0 TANS 7925 61a) 90.0 
i yal | 10.9 00.0 06.3 THRE: ol et Si Sl 90.0 
LO 25 1025 00.0 00.0 19 30 90.0 58.9 83 95 
aks 00.0 “ALMA | 08.1 66.7 90.0 igs 90.0 
00.0 00.0 00.0 00.0 90.0 90.0 43°5 90.0 
X AGL. <0 D322 07.8 On 38 79.0 a0 33 2356 Ad ob 
Sab. 0922 04.7 09.8 03 £2 09.2 Za le 2B a5 


; i int ee 


pene Meh 


ED 


Behaviour Variables 
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90.0 74.3 Loe 00.0 00.0 
90.0 83.5 06.5 00.0 00.0 
56.8 46.1 25.1 00.0 3372 
00.0 00.0 00.0 00.0 90.0 
Se 00.0 31.1 00.0 58.9 
Gilat 61.1 00.0 00.0 28.9 
90.0 64.9 25.1 00.0 00.0 
00.0 00.0 00.0 00.0 90.0 
90.0 50.0 40.0 00.0 00.0 
105 00.0 12.5 00.0 77.5 
43.9 Sawaal 27.5 00.0 46.1 
28.9 1924, 20.9 00.0 61.1 
90.0 90.0 00.0 00.0 00.0 
58.9 49.6 2316 00.0 Kanal 
90.0 41.1 48.9 00.0 00.0 
X 55.5 40.7 18.4 00.0 34.5 
Ee Daeod w5 31v4 1g: 00.0 34.5 
predator 
90.0 00.0 90.0 00.0 00.0 
08.1 00.0 08.1 00.0 81.9 
90.0 3227 56.2 07.7 00.0 
00.0 00.0 00.0 00.0 90.0 
00.0 00.0 00.0 00.0 90.0 
00.0 00.0 00.0 00.0 90.0 
90.0 52.2 30.0 2087 00.0 
00.0 00.0 00.0 00.0 90.0 
30.5 00.0 30.5 00.0 59.5 
09.5 00.0 00.0 09.5 80.5 
00.0 00.0 00.0 00.0 90.0 
08.3 00.0 00.0 08.3 81.7 
10.8 10.8 00.0 00.0 80.9 
90.0 00.0 90.0 00.0 00.0 
90.0 3307 56.3 00.0 00.0 
ne 34.5 08.6 ES Coe 55.6 
S20. 4.3 16.7 33.5 06.0 41.4 
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Large prey fish, with morph 
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Behaviour Variables 
1 2 3 4 5 6 7 


Large prey fish, without morph 


baseline 
90.0 90.0 00.0 00.0 00.0 00.0 00.0 30 
90.0 90.0 00.0 00.0 00.0 33.6 00.0 40 
90.0 90.0 00.0 00.0 00.0 ae uh 00.0 70 
49.6 39.2 (aso th 00.0 40.4 Pes ve 00.0 81 
90.0 90.0 00.0 00.0 00.0 Nae 00.0 82 
90.0 54.3 Megs) 00.0 00.0 A733 2340 00 
Ton5 bore Cano 00.0 Li 39.6 00.0 49 
00.0 00.0 00.0 00.0 90.0 90.0 00.0 90 
90.0 90.0 00.0 00.0 00.0 Pare 00.0 00 
00.0 00.0 00.0 00.0 90.0 90.0 00.0 78 
90.0 90.0 00.0 0020 00.0 80.4 00.0 90 
7326 5655 48.9 00.0 16.4 ty sal! 00.0 aye 
90.0 90.0 00.0 00.0 00.0 2S) 00.0 30 
90.0 90.0 00.0 00.0 00.0 S03 00.0 00 
90.0 Wen!" faflels 00.0 00.0 Siow) 00.0 00 
X if syege: 617 14.4 00.0 F635 40.5 01.6 48 
Spey d Mog ale s Stents Cue 00.0 316 Zien 06 <1 of 
predator 
09.3 09.3 00.0 00.0 80.7 Bh 80.7 90 
10e3 10-53 00.0 00.0 19S 90.0 00.0 90 
TEESE 08.1 13.4 04.4 1336 81.9 aaa 90 
Lae 00.0 09.3 O57 7828 00.0 00.0 80 
90.0 Coat 67.8 00.0 00.0 90.0 90.0 90 
00.0 00.0 00.0 00.0 90.0 90.0 90.0 00 
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Table 50: Morph behaviour during pike predator experiments. 
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Behaviour Variables 
9 10 iki 12 Te 


Small prey fish, with morph 


15.20 -- ley y 6) 00.0 00.0 

00e3 00.0 00.0 00.0 00.0 

00.8 00.0 Oe 00.0 00.0 

00.9 6 SPs) 00.7 00.0 00.0 

On 00.1 Os e3 00.0 TOG 

Usine 00.0 00.2 00.0 00.0 

00.4 OOO) 3 7 FOES 00.0 00.0 

01.0 O0R0 00.2 00.0 00.0 

00.2 00.0 00.1 00.0 Poe? 

00.6 00.0 00.3 00.0 10.6 

00.6 00.0 00.3 45.0 00.0 

00.2 00.0 O01 45.0 00.0 

00.2 00.0 0082 00.0 10.6 

15,0 -- 00.2 00.0 10.6 

02.9 00.0 O14 06.4 04.4 

Sea) 05.2 00.1 03.9 163 05.8 
Small prey fish, without morph 

; 2.4 00.0 Oy, 00.0 0973 

02.41 00.0 00-7 00.0 00.0 

O07 00.0 00.6 00 .0 00.0 

1.0 -- 00.7 00.0 se | 

03.0 00.0 Odi 22.2 00.0 

01.0 00.0 00.2 00.0 Tor 

O10 00.0 00.1 00.0 00.0 

05.8 00.0 00.4 00.0 09.3 

00.9 00.0 90.5 00.0 00.0 

00.1 00.0 00.0 00.0 00.0 

01.9 00.0 0045 00.0 00.0 

Olas 00.0 00.2 00.0 Poe 

X 03.0 00.0 00.6 01.9 04.8 

SL. 04.1 00.0 00.5 06.4 06.1 
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Behaviour Variables 


rt nn 
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Large prey fish, with morph 


Ol 00.3 00.4 00.0 00.0 
15.0 -- 15. 00.0 00.0 
00.5 00.1 00.4 00.0 LOR6 
06.2 00.5 O27 00.0 15 2 
09%S 00.8 06.8 00.0 00.0 
152.0 -- Lr 00.0 00.0 
00.8 00.8 00.6 00.0 POeo 
OV O0./5 00.9 00.0 00.0 
£550 = (ey 8) 00.0 00.0 
anes 00.2 O1 27 00.0 152 
0253 00.2 G20 00.0 00.0 
04.9 00.3 00.9 00.0 00.0 
04.9 O20 04.8 00.0 10.6 
0202 00.7 O24 00.0 00.0 
OO) 003s 00.0 00.0 00.0 
X 05.4 00.6 04.3 00.0 04.1 
S2D O5eG 00.6 O53 00.0 Gaz 
Large prey fish, without morph 
gaye! -- 152.0 00.0 00.0 
1540 = (a) 00.0 00.0 
15.0 =- 15.0 00.0 Oey, 
07.9 00.3 O07 38 00.0 13a 
00.7 CONS 00.2 00.0 00.0 
1520 -- L520 00.0 00.0 
01.6 00.4 OVa) 00.0 00.0 
04.2 00.3 OS 00.0 00.0 
04.7 00.5 04.7 00.0 00.0 
02.6 00.0 01.8 00.0 1601 
OSEy 00.8 00.6 00.0 1S a7 
Obey 00.3 04.8 00.0 00.0 
05.7 00.3 00.5 00.0 ery 
14.5 00.8 07.9 pee A Loe 
O10 00.6 00.9 49.1 08 ae 
X 07.5 00.4 06.1 04.7 07.2 
SAN, Oey 00.2 06.1 E335 0S. 
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Table 51: ANOVA analysis of timed behaviour variables from pike 
experiments. Factorial anova output from SPSS program 
at University of Alberta, raw data from Tables 49 and 
50. Factors = morph, experiment type and size. 


Source of Sum of Mean Sag 
Variation . Squares df Square F OTTk 


a rr a 


Total Activity 


Morph 616.728 1 Gt6r/26 O0:586 0.445 
Exp. Type 295035 7298 Ll i255005.293 23.776. 0. 000 
Size 33,942.699 Luo eO/issdon 10. 107 02000 
Morph x Exp. Type 7.906 4 m. 9067 07008. °02.931 
Morph x Size 25240: 885 Boy dees ll 0Ge YORIae 
Exp. Type x Size Sa oeler og Pcs OO, O45) bre o2)/)) 02055 
Morph? x Bxp. Type -x Size 3,010,062 ee 5057 Oo tar aco, | ONaaa 
Explained 69;906365 15 46,355:705 6:055 0: 000 
Residual 168,476.250) 160 &,052.977 

Total C30.eoe4e08 1/l) 1.394.049 

Jerky Swim 

Morph 265.893 MN 265.895 07306 0.531 
Exp. Type 44,301.348 Pas soles 612039 0.500 
Size 4 5139-867 me 250692934) 7.385. 02095 
Morph x Exp. Type 27.435 1 Cee PO. 032, 02859 
Morph x Size 1,165.7491 2 boc AG 20. Gly O51 2 
Exp. Type x Size 4,078. 047 Cros Uso aU core ono. OLOSS 
Morph x Exp. Type x Size 1,843.958 2 972.979 “be062 (0.348 
Explained Soiwoedavoo li ysO7seoGs ) S45 03000 
Res idual 138,879.000 160 867.994 


Total 194,688.183; lite 5 ise. 527 


Ba COR ie yk 
L ui eth ak EMS me -) 
inte 


Coy 


Source of Sum of 


Variation Squares 
Scull 

Morph 206.851 
Bxp. Type | 1,696.545 
Size 6,944. 402 
Morph x Exp. Type 54. 320 
Morph x Size 1,165 .024 
EXD. T¥pe x Size 1.949.079 
Morph x Exp. Type x Size 1,284.841 
Explained 13,214. 438 
Residual] Tey oz ore 
Total 12459549250 
Fast Swim 

Morph 4.542 
Exp. Type Be O10 
Size eon a7 4c 
Morph x Exp. Type 142.392 
Morph x Size Va Nya 
Exp. Type x Size SF 025 
Morph x Exp. Type x Size 66.294 
Explained 5,034. 469 
Residual 32,920. 7/66 
Total Sie Jones 
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Morph 739.386 
Exp. Type AIGA OZ 
Size 37,916.801 
Morph x Exp. Type 102.186 
Morph x Size 15794.589 
EXO. 1 ype x s1Zé [sh0o% FOL 
Morph x Exp. Type x Size 2,/709.046 
Explained 7 i AW RS hs} 9 
Residual 163,430.688 
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Source of Sum of Mean Sig: 
Variation Squares df Square F Ofer. 
In Cover 

Morph : 2;008.103 DA crap BO; SG) egies hee 2B Rae Od ey 8) 
Exp. Type 5 624.574 1 5.62 Se Sooke -OLeT9 
Size 38; 186.675 ~. 190662456; “181905 “02000 
Morph x Exp. Type 110.044 1 12050442 O.809° 02742 
Morph x Size 9,138. 469 2 1 '4569.234. (4.530° 0,012 
Exp. Type x Size bi, oon Day CRM SOOO in) One® LO aUOL 
Morph x Exp. Type x Size 3,923.146 go ls, S0isoioy 15945) 02146 
Explained SEAL Cb Piel Meh ON ON Si aemy aye em maane ery esree 16610) 8) 
Res idua] 167536052507) “1607 1,008 2626 

Total 225,458.125 171 1,318.469 

In Vegetation 
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Table 53: Factor matrix using principal components, no iterations 
(initial solution, first simplification = components 
with eigenvalues less than 0.9 are deleted). 


an a 


Component 

Variable ] 2 3 4 D 

Morph -0 08549" 0704623." 0.26133 930530950. "0.89989 
Size 0356207 wi Or20200h re0 47213  =0. 046647 210702254 
Jerky =) 59901) sO. ool O18 16>) 0725055." Oe17 805 
Scul] -0.63047 0.26480 0.38912 -0.49687 -0.28606 
Fast =0.30279"" 0771466: #-0.05055 02045) —0:.066025 
Frozen 03908755 S041565 bei0510760 da 10.165 1520002 08756 
In cover 0.64053 0238393 0346937 0.06041 -0.08806 
In vegetation O2532799 BO RSsS £20 S19955 ted 1578890207553 
Retreats =0.20839 ) U<52025. O-707/01 0.59092 ~0.19041 
Jumps -0.04457 -0:30914=. 0273790 0.39802 -0.10066 


Components 1-5 account for 73.1% of the total variance 


Table 54: Varimax rotated factor matrix (final solution, first 
simplification). 


Component 

Variable 1 2 & 4 5 

Morph -0.02148 -0.02693 0.01679 -0.00163 0.99098 
Size O266619 be Ogle Toe r at Goes Oe eae POV IZ 210 
Jerky ~Qy7no43 sOve4eGgom O-7509) "-“OViGs6l- ~0 303009 
Seu -0.00258 -0.97252 -0.00356 0.04190 0.01317 
Fast =O: 21099 MeU 416394 =0.15393. O¢28701 0.05395 
Frozen O24 1499). O78 se OSS2603  O.01G18 -0.03533 
In cover O22 8965020, £4070... - On 39S 03038733 ~-0.10526 
In vegetation 0. 4475283 180.2 F082 EH 0.4166.00 S'=0..29721- 0.04445 
Retreats 0.10045 0.01655 0.84809 0.14202 -0.00/780 
Jumps -0.02263 -0.02743 0.00028 0.89963 -0.00200 
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The Method of Factor Analysis 


Factor analysis is one of a variety of multi-variate 
analyses which are useful when dealing with large bodies of data. 
The following description is based entirely upon Huntingford (1973, 


1976), Nie et. al. (1975) and Rummel (1970). 


Factor analysis Tudd i hlSekiree UsSeSes 1) exploratory - the 
search for and detection of patterning between variables to discover 
relationships, new concepts and to reduce the data. 2) confirmatory - 
testing of hypotheses about variable structuring, 3) measuring - con- 
struction of indices to be used as new variables in later analysis. 

In the present case the factor analysis was used primarily in its 


first function and to some extent in the second capacity. 


Several methods of factor analysis, differing in their 
approach to the data, are available. The simplest is Principal Com- 
ponents Analysis (PCA). This is a mathematical technique which 
transforms a given set of variables into a new uncorrelated 


(orthogonal) set of composite variables or principal components by 


the model: 
= tor. if) see cur pst 
Bs epg tae UPD! 2 ay 
where F = components, 
1 to n = observed variables, 
i, = variable j standardized, and 
ae = standardized multiple regression coefficient 
J of variable j on factor i (factor loading). 


The coefficients are chosen so that Z, represents as large a portion 


of the original variance as possible; ly the next largest and so on. 
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Usually the first m components (smaller than the number of variables) 
account for most of the variance. Matrix algebra and the geometry of 
multi-dimensional space are algebraic and visual representations of 


the PCA procedures. 


Using my data as an example, the variables (morph, size, 
jerky, scull, fast, frozen, in cover, in vegetation, retreats and 
jumps) of expected importance in a predatory situation, may be 
represented as axes in a space of 10 dimensions. The position of each 
fish with respect to these axes is a point in this space. The 
position of all 86 fish is a cloud of points in 10-dimensional space. 
This cloud is an ellipsoid (a function of the normalization). The 
major axis (maximum variance) of this ellipsoid is taken as the new 
first axis of the data (first component). The direction of this axis 
may be specified by the angles it makes with the 10 original axes of 
the data. These angles are the loadings of the first component 


(rabden52at 


The PCA next extracts a second component orthogonal to the 
first which maximizes the remaining original variance along itself. 
This is repeated until there are as many new axes as there were 


original variables (Table 52). 


The SPSS subprogram FACTOR. performs these functions in 
matrix algebra by first calculating a correlation matrix between all 
variables then second, extraction of the latent roots of this matrix 
and the associated latent vectors. The latent roots or eigenvalues 


(Table 52) are the proportion of the total variance accounted for by 


i 


ANS RS SIs RR Be 


i 


i aC ee eile 


each factor. The latent vectors (eigenvectors) are the loadings of 


each variable on each factor ies. an in the above equation). 


The loadings of each variable on the component give the 
following information: 

- each loading is a regression coefficient of the component 
used to describe a given variable so the relative weight of each 
variables contribution to the component is given by the loading 
values. 

- the total variance of each independent variable (com- 
ponent) which accounts for the proportion of variance in the dependent 
variables (morph to jumps) is given by: (loading )<. The proportion 
of the variance of the variable accounted for by all factors is the 
sum of all squares of the respective eee ace te 

- correlation between variables is given by: 


pes ee Fr oe een i 


12 Del <2 1 Re where r,, = correlation coefficient 


Z 1Z 


between variables 1 and 2; re rs 


the respective component and F 


= loadings of variables 1 and 2 for 
it respective component. Thus high 
correlations (negative or positive) between variables are implied by 


high loadings (negative or positive) on the same component. 


PCA has restated the interrelationships of the original 
data as new uncorrelated axes (Table 52) but this solution is still 
complicated. At this point the first simplification may be applied, 
that is, a minimum eigenvalue is specified and all the variance in 
the data due to components below this value is ignored (Table 53). 


The choice of the minimum eigenvalue is arbitrary and it should be 
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remembered that discarding data may result in the loss of valuable 


information. 


The question now arises whether these new axes provide the 
best fit to the original data. Axis rotation may provide a better 


fit of the axes to the data and simplify the component structure. 


Several methods of rotation of axes are possible. 
Orthogonal rotation maintains the lack of correlation between the 
axes and is the most simple. Oblique rotation allows the axes to 
become correlated,thus may be more biologically meaningful but the 
interpretation is more difficult. For simplicity sake an orthogonal 
rotation was chosen. Several methods of orthogonal rotation are 
possible, each standardized to certain simplifying criteria. Varimax 
rotation, the commonest method, attempts to maximize the variance of 
the loadings upon each factor. It was used in the present case 


(Table 54). 


Until now the underlying derivations from the data have 
been referred to as components (strictly applied to an unrotated 
solution). Upon rotation the notation ‘factors’ is used to indicate 


the derived final solution. 


The final solution may now be simplified a second time. 
This simplification is to delete variables which do not significantly 
load upon each of the factors. There is no accepted method of 
assessing the significance of the loadings so in the present case an 
arbitrary but constant rule was applied. Loadings less than an 


absolute value of 0.30 (i.e., 0.30¢ = 0.09 of factor variance 


ven 
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accounted for) were deleted. 


The final, simplified solution may now be interpreted. 
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APPENDIX 7 
Data Related to Pike Stomach Analyses 


Table 55: Frequency of items in stomachs of pike from Wakomao Lake. 


1976 Stomachs (N=40): 


Diet Item Number % OF Bota | 


with morph 60 (BS 


S 
intermediate (left spine) 0 0 
intermediate (right spine) 1 0.4 
intermediate (spineless) 3 seal 
without morph 8 Sia 
unidentified with 38 14.7 
unidentified intermediate 1 0.4 
unidentified without 14 by, 4 
unidentified Culaea 128 49.6 
other species a ie 
Total 258 100.0 
empty 9 2255 


Total Culaea (identifiable) 253/258 98.1 


Dorsal Spine Number 


Morph 4 5 6 

with | 1 (ic5) ae 35 (5202)> tl weer 4) 
intermediate O= (670) 5 (07.5) 2 (02.9) 
without 0 (0.0) 3 (04.4) 1 (0165) 
unidentified 0 (0.0) J. CA) 2 $(0269) 
Total ides) 50 (74.6) 16. (23,9) 


(% in brackets, N=67 Culaea) 
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1977 Stomachs 


Diet Item Number % of Total 


Small Pike N=95, 18-28 cm Standard Length: 


with morph 28 8.4 
intermediate (left) 0 0.0 
intermediate (right) 0.0 
intermediate (spineless) sors 
without morph 16 
unidentified with 15 4.5 
unidentified intermediate 2 0.6 
unidentified without 6 Los 
unidentified Culaea 107 2a 
other fish species 

(Pimephales promelas) 40 1200 
unidentified fish 3D 1075 
invertebrates 90 Z1AG 
Subtotal ao0 100.0 
empty 14 14.7 
Large Pike N=26, 40-64 cm Standard Length: 
with morph Le 1332 
intermediate (left) 1 od 
intermediate (right) 0 0.0 
intermediate (spineless) 1 1 
without morph - 1 eal 
unidentified with 15 16.5 
unidentified intermediate 0 40) 
unidentified without 3) Sen 
unidentified Culaea an road A 
other fish species 

(Esox) 2 2ae 
unidentified fish ad 297 


invertebrates 2 Cae 


naa a 


ta, as 
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Diet Item Number % Of Total 


Subtotal 9] 100.0 
empty 13 5020 
Total 228/424 53.0 


. Dorsal Spine Number 


Morph 4 5 6 

with OFC0n0) 19 (38.0) 8 (16.0) 
intermediate 04(0:50)) 210250) 300620) 
without O0n0) Bed.) 02 60) 
unidentified 0 (0.0) 8 (16.0) 4 (08.0) 
Total Out On) 34 (68.0) 16_( 320) 


(% in brackets, N=50 Culaea) 
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Table 56: Samples from the lake for comparison to stomach samples. 


1976 (taken on 18 August): 


Morph Number % Of Total 


with 324 67.9 
intermediate (left) . 14 2.9 
intermediate (right) 12 ZS 
intermediate (spineless) 16 | B24 
without 11 Cor 
Total 477 100.0 


Dorsal Spine Number 


Morph 4 5 6 

with Say) 225 (47.2) 90 (18.9) 
intermediate 1 (0.2) ge: Mrs 25. (05.2) 
without 1 (O82) 34 (07.1) i (Ole ) 
Total TOM Ze) 844. (72.1) 122-(25.6) 


(Jain brackets. eN=477) 


1977 (taken between 20 July and 18 August): 


Number % of 

20Nuly 28 July i) Aug. 13 Aug.” “Total fetal 

with . 25] 72 88 110 520 -ay72i6 

intermediate (left) 7, 0 3 5 15 aa 

intermediate (right) 2 0 3 0 5 Qe; 
intermediate 

(spineless) 8 6 3 i) 24 323 

without yi 73 32 26 152 Zi.z2 

Total 340 101 129 148 Jeno 100.0 

2 


(x°=4.04, p>>0.05 at 6 df; i.e. no difference in subsample frequencies) 
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Morph 


with 
intermediate 
without 


Total 


Dorsal Spine Number 


4 5 
1 Lees Sao oe) 
0 (0.0) 9 (0236) 
3 40.29.) 49 (14.4) 
LO 269) 217 a0o.3) 


(% in brackets, N=340, 20 July sample) 
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